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ABSTRACT
SYNTHESIS AND EVALUATION OF QUADRUPLE HYDROGEN-BONDING MODULES 
FOR SMART MATERIALS APPLICATIONS
Cyrus A. Anderson
Department of Chemistry
University of Illinois at Urbana-Champaign, 2011
Professor Steven C. Zimmerman, Advisor
The research described herein pertains to the design, synthesis and evaluation of DNA base pair 
mimics for supramolecular and materials chemistry applications. Recently, the ureido-7-
deazaguanine (DeUG) and 2,7-diamidonaphthyridine (DAN) H-bonding modules have been 
shown to form a highly stable complex (Kassoc = 108 M–1) in chloroform solution. Use of these 
units in applications requires derivatives that can be incorporated into polymers and onto 
surfaces. A method for the synthesis of non-symmetric diamidonaphthyridines from 
bromonaphthyridines using copper catalysis with aqueous ammonia at ambient temperature and 
pressure is detailed in chapter two. Chapter three relates several general strategies for the 
preparation of functional DeUG derivatives. The chemistry described in the first  two chapters 
allows the synthesis of DAN and DeUG units featuring vinyl monomers, azide, alkyne, and other 
reactive groups for various coupling chemistries.
 Evaluation of the DAN and DeUG pair as a coupling agent for improving the interfacial 
adhesion between styrene and glass is explored in chapter four. Potential applications include 
advanced adhesives and coatings. Incorporation of the DAN unit into polystyrene via C–H 
activation and Suzuki-Miyaura coupling and functionalization of glass substrates with 
organosilanes are reported. Materials characterization and mechanical test results are consistent 
ii
with the recognition units playing a role in the improved adhesive response as compared to an 
unmodified system.
 Progress toward a photoresponsive bisureidonaphthyridine H-bonding unit is disclosed in 
chapter 5. The photoresponsive naphthyridine is designed to allow reversible, light-driven 
modulation of the binding between the naphthyridine and DeUG. Synthetic results are discussed 
and binding data for bisureidonaphthyridine and DeUG are reported. The conformational change 
required of bisureidonaphthyridine prior to complexation with DeUG results in a smaller 
association constant as compared to the DAN·DeUG system, which does not require 
reorganization prior to binding. The binding properties of the DAN·DeUG and 
bisuredionaphthyridine-DeUG units allow complexation induced control over the conformational 
preference of bisureidonaphthyridine.
iii
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CHAPTER 1
INTRODUCTION
1.1 Supramolecular Chemistry and Hydrogen Bonding
Supramolecular chemistry  is a very broad topic which, in some form or another, touches most 
every  discipline of chemistry and is of some importance to many other physical sciences. Lehn,1 
who shared the 1987 Nobel prize with Cram2 and Pedersen3 for contributions to the development 
of supramolecular chemistry, defined the field as that of “chemistry beyond the molecule.” 
Indeed, supramolecular chemistry is the chemistry of non-covalent interactions. Molecular 
recognition, or host-guest chemistry, and self-assembly are two very important aspects of 
supramolecular chemistry that have both influenced our understanding of and have found 
applications in biology, synthesis, nanotechnology, and materials science.
 The supramolecular chemist has many types of non-covalent interactions at his or her 
disposal when studying or designing systems capable of molecular recognition or self-assembly.4 
A short list of relevant intermolecular interactions and important features of each are provided in 
Table 1.1.5 Each type of interaction has its own particular advantages and disadvantages. Most 
importantly, the different stabilities and selectivities of each type of interaction can be used 
Table 1.1. Intermolecular interactions relevant to supramolecular chemistry.a,b
interaction bond energy (kcal mol–1) notes
ion–ion 24–84
metal coordination 12–48 stable, reversible, directional
ion–dipole 12–48 unidirectional
H-bonding 1–40 tunable, directional, neutral
cation–! 1–20
dipole–dipole 1–12
!–! 0.2–12
van der Waals 0.2–2.4 unidirectional
aFor reference, the strength of a C–C sigma bond is 90 kcal mol–1. bref. 5.
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individually, or synergistically to prepare complex systems that mimic many biological examples 
or that have altogether novel properties.
 Among the types of intermolecular interactions employed in supramolecular chemistry, 
Hydrogen bonding is very important and has been intensely studied as a field all of its own.6 
Evidence for H-bonds can be obtained spectroscopically  (e.g., IR, NMR), thermochemically 
(e.g., calorimetry) and structurally  (e.g., neutron diffraction).7 H-bonds are commonly classified 
according to strength and length (Table 1.2).8 Strong H-bonds are formed primarily between 
charged species and have bond strengths on the order of 14–40 kcal mol–1 and are typically  the 
shortest H-bonds.9 Moderate H-bonds are the most common because they are found in many 
biomolecules. Bond strengths for moderate H-bonds range from 4–14 kcal mol–1 and are between 
2.5–3.2 Å in length, based on the distance between the H-bond donor (D) and acceptor (A).10 
Weak H-bonds have strengths comparable to van der Waals interactions and are distinguishable 
from van der Waals interactions by having some degree of directionality  as determined by 
infrared spectroscopy or structural analysis. Weak H-bonds are formed between an 
electronegative donor or acceptor and a significantly less electronegative complement (e.g., C 
and Si), and range in length from 3.2–4.0 Å.11
Table 1.2. Classification of H-bonds according to strength and length.a
strong moderate weak
H···A (Å) 1.2–1.5 1.5–2.2 2.2–3.2
D–H···A (Å) 2.2–2.5 2.5–3.2 3.2–4.0
bond angle (°) 175–180 130–180 90–150
bond energy (kcal mol–1) 14–40 4–14 <4
examples acid salts, HF 
complexes, proton 
sponges
acids, alcohols, phenols, 
biomolecules
3-center H-bonds,       
C–H···O/N bonds,       
O/N–H···! bonds
aref. 8.
2
 It is well understood that H-bonds are essential to the structure and function of many 
biological systems.12 For example strands of DNA are held together by H-bonding between 
guanine-cytosine (G·C) and adenine-thymine (A·T) Watson-Crick pairs (Figure 1.1a–b). The 
genetic information contained in DNA is then replicated in new copies of DNA or undergoes 
transcription to produce RNA, which, in turn, undergoes translation to form peptides through 
processes that rely on the very high level of selectivity  achieved with these multiple H-bonding 
arrays. Polypeptides are another example of a biological system that makes excellent use of H-
bonding for structure and function. Inter- and intrachain H-bonding interactions are responsible 
for peptide "-helices, #-sheets, and #-turns, which establish the tertiary structure of a protein. 
(Figure 1.1c–d). Furthermore, H-bonding can facilitate enzymatic reactions. Other biomolecules 
that make use of H-bonding for structure and function include polysaccharides such as cellulose. 
Many of the designed H-boding systems reported to date draw inspiration from these and other 
biological examples.
Figure 1.1. a) Guanine-cytosine (G·C) and b) adenine-thymine (A·T) nucleobase pairs. Peptide c) "-helix 
and d) #-sheet conformations.
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1.2 Designed Hydrogen Bonding Motifs
No doubt inspired by the biological examples discussed above, many researchers have developed 
synthetic H-bonding systems that are capable of molecular recognition and self-assembly.13–15 
Artificial systems are interesting because they can take advantage of the unique properties of H-
bonds. Specifically, the stability of synthetic H-bonded complexes can be tuned by careful 
selection of the strength of the individual H-bonds, the number of H-bonds, and arrangement of 
H-bonds16,17 used in an array or sequence. The well defined through-space directionality of H-
bonds, combined with the ability  to prepare arrays or sequences of H-bond donor and acceptor 
sites has also enabled artificial systems to exhibit very  high selectivity, much like the base pairs 
in DNA and RNA.18,19 Of the many synthetic H-bonded systems that have been reported, a few 
designs have proven useful in the creation of self-assembled architectures. The following serves 
to highlight some of the principles and approaches used in the design of H-bonding modules, the 
stability  of the resulting complexes, and the behavior and properties of systems incorporating 
these units.
 One strategy for the construction of synthetic H-bonded systems is the use of neutral, 
parallel arrays of H-bonds (Figure 1.2).14,20,21 These systems feature two or more contiguous H-
bonds on a heterocyclic scaffold. Thus, these units closely resemble the structure of DNA and 
RNA nucleobases. Although units featuring up  to six consecutive H-bonds have been reported, 
triple and quadruple H-bonded units are the most routinely  used systems for molecular 
recognition and self-assembly.
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Figure 1.2. Designed multiple H-bonding modules featuring 2–6 consecutive H-bonds.
 There are many examples of parallel arrays that use three H-bonds for recognition and 
assembly. Of these units, thymine and diamidopyridine (DAP) derivatives are two that are 
widely  used (Figure 1.3a). Binding constants for this interaction are typically 103 M–1 in non-
polar solvent.22 DAP has also been used to bind flavin derivatives.23 Thymine has commonly 
been used to bind diaminotriazine units in synthetic systems.24
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Figure 1.3. a) Triple and b) quadruple H-bonding motifs frequently used for applications requiring self-
assembly.
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 A number of systems based on four H-bonds have been developed (Figure 1.3b). 
Complexes based on arrays of four consecutive H-bond donors and H-bond acceptors (i.e., 
AAAA·DDDD) are the most stable (Kassoc 1013 M–1), however these units have yet to be used in 
applications.25 The ureidopyrimidine (UPy) dimer is probably the best known example of a 
quadruple H-bonding system.26 UPy dimers have large dimerization constants in non-polar 
solvent (Kdimer = 107 M–1) and are readily synthesized in few synthetic steps. The UPy unit can 
also form a stable heterocomplex with diamidonaphthyridines (DAN), with association constants 
on the order of 106 M–1 in non-polar solvent.27,28 The UPy  dimer and the UPy·DAN complex 
have been useful in the context of supramolecular polymers (vide infra). Because the UPy·DAN 
complex and the UPy dimer have similar stabilities, both species are in competition with one 
another in solution. This competition limits the control over self-assembly one can achieve using 
these units. One approach to improving the control over self-assembly  is to improve the fidelity, 
or selectivity, of the system by  using units that have one highly favorable mode of association 
and few, if any, alternative binding modes.18 Pairing ureidoguanosine (UG) with the DAN unit 
accomplishes just this; the Kassoc of the UG·DAN pair is 107 M–1, while the Kdimer for the UG and 
the DAN units, in non-polar solvent, are 200 and < 10 M–1, respectively.29 The selectivity  for the 
designed interaction has enabled the non-covalent synthesis of alternating block copolymers.30
 In addition to parallel arrays of consecutive H-bonds, another strategy is to combine 
multiple sets of H-bonding sites along a flexible strand (Figure 1.4a). This approach draws 
inspiration from peptide sheets and duplex DNA. Gong reported oligoamide strands that exhibit 
high stability in non-polar solvent (Kassoc = 104 M–1).31 These units can be readily synthesized via
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Figure 1.4. a) Oligoamide and oligohydrazide H-bonding motifs. b) The diamidopyridine cleft.
standard peptide coupling chemistries and easily tuned with respect to stability  by simply 
increasing the length of the strand. Li32 and Chen33 have followed suit, developing strands based 
on hydrazide repeat units. Because these units have some flexibility in the chain and multiple 
modes of binding (i.e., via one, two, three, etc. pairs of H-bonds), they can undergo 
oligomerization and have been shown to form gels in non-polar solvents.34,35
 H-bond receptors are another class of H-bonding unit. The barbituric acid receptor 
reported by Hamilton has seen frequent use in supramolecular chemistry  (Figure 1.4b).36 The 
design in simple, two diamidopyridine units are linked such that barbituric acid derivatives can 
bind to the resulting cleft. Binding constants on the order of 105 M–1 are commonly reported.37 
Related systems include molecular tweezers38 and the scaffolds studied by Hunter.39 The rigid 
structures lead to cooperative H-bonding40 and these systems can achieve large binding constants 
using relatively few H-bonds.
1.3 Supramolecular Polymers
One area in which H-bonding-mediated self-assembly has been particularly  important is that of 
supramolecular polymers.41,42 Several definitions for supramolecular polymers have been 
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provided with the common theme being that  the assembly  of monomeric units into larger entities 
occurs through reversible non-covalent interactions. It is well recognized that intermolecular 
interactions play an important role in the origin of properties exhibited by conventional polymers 
(e.g., the strength of nylon and aramid fibers has been attributed partly  to order resulting from H-
bonding). However, the construction of polymer chains based on non-covalent bonds was not 
realized until Lehn reported main-chain supramolecular liquid crystalline polymers in the early 
1990s.43 Since that time the field has grown rapidly and has yielded many interesting results. 
Supramolecular polymers can be prepared with essentially any chain connectivity (e.g., linear, 
branched, cyclic, graft, etc.) and the use of non-covalent interactions allows a modular synthetic 
approach to various polymers by  simply changing the polymer or monomer segments linked by  a 
given interacting group.44,45 Although supramolecular polymers have been formed using metal 
coordination and !–! stacking, H-bonding has been widely  used because the bonds are 
directional and the bond stability can be readily tuned (vide supra).
 H-bonded supramolecular polymers46,47 are of interest for a host of reasons. One factor is 
that supramolecular polymers are at equilibrium and can adapt or respond to environmental 
perturbations such as changes in concentration, temperature, and the presence of agents that 
compete for H-bonds. This assumes that recognition events are kinetically  fast relative to the 
environmental perturbation; this is generally the case for H-bonded supramolecular polymers in 
solution or above the Tg, however it can be an issue with supramolecular polymers based on 
metal coordination.48,49 The response of the polymer to any particular stimulus depends on the 
position of the equilibrium, which in turn depends on the mechanism of polymer chain growth. 
For linear supramolecular polymers, chain growth mechanisms are well understood and have 
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been divided into several categories depending on the influence of polymerization on the binding 
constant for individual chain growth events.49–51 In general, supramolecular polymers can grow 
such that the binding constant is independent of chain growth, or such that the binding constant 
changes with chain growth. In the latter case, the binding constant can either increase, as in the 
case of cooperative chain growth facilitated by stabilizing interactions present in the growing 
chain, or decrease, for example during anti-cooperative chain growth resulting from destabilizing 
interactions present in the growing chain.
 Because supramolecular polymers rely on reversible, non-covalent bonds and are in 
constant equilibrium, bonds can cleave and reform in response to stress or damage. In principle, 
this behavior is particularly applicable to coatings and adhesives. For example, release of stress 
during curing could lead to improved strength of a coating and thus, improved performance. Use 
of reversible bonds could be exploited to produce reversible or reusable adhesives by modulating 
the molecular weight, Tg, or interfacial properties with the proper external stimulus.
1.4 Smart Materials
Smart materials, also referred to as intelligent or stimuli-responsive materials, have been pursued 
in many contexts.52 A very general definition of a smart  material is a substance that responds in 
some way to some change in its environment. The response could involve a change in any 
physical or chemical property. Much of the basic research on smart materials has been directed 
toward development of systems with potential application to sensors, actuators, shape-memory 
polymers, self-healing materials, self-cleaning materials, drug delivery, and others.53–59 
Polymeric materials have been widely studied for development of smart materials platforms. 
Many examples take advantage of phase segregation, phase transitions, or changes in solubility 
9
or swelling in order to generate a response.52 Recent examples have extended the list of stimuli 
to light, electrical current or voltage, magnetic fields, or chemical stimuli.60 Supramolecular 
polymers and dynamic covalent polymers have also been used in smart materials systems.61,62 
The use of reversible bonds in the macromolecular architecture allows some unique behaviors to 
be realized.
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CHAPTER 2
SYNTHESIS OF FUNCTIONAL DIAMIDONAPHTHYRIDINE DERIVATIVES VIA 
COPPER-CATALYZED AMINATION WITH AQUEOUS AMMONIA†
2.1 Diamidonaphthyridine Modules in Supramolecular Chemistry
Within the area of hydrogen bond-mediated self-assembly, quadruple hydrogen-bonding modules 
have proven particularly useful, especially those that strongly dimerize (Kdimer > 105 M–1 in 
CDCl3).25,26,63–65 Such systems are, however, limited with respect to the complexity of the 
resulting architectures. Consequently, we,29 and others25,66,67 have pursued heterocomplementary 
units exhibiting high-affinity and high-fidelity.18 The weak self-dimerization of the DAN unit,68 
i.e., Kdimer < 10 M–1, and its high affinity  for units such as UG,29 DeUG,69 and UPy,28,70 make this 
module particularly valuable. Indeed, the DAN module has been employed in molecular 
recognition and self-assembly studies, and has found applications in supramolecular polymer 
chemistry. The following serves to highlight the utility of this unit in supramolecular chemistry.
 Lüning was the first to report a heterocomplex featuring the diamidonaphthyridine 
module and to articulate the potential utility of such heterocomplexes for programmed self-
assembly via multiple hydrogen bonding arrays (Figure 2.1a).71 Lüning found that 
diamidonaphthyridine 1 bound pyridylurea 2 with a binding constant of 2000 M–1 in non-polar 
solvents. Around the same time, Zimmerman showed that diamidonaphthyridine 3 could form a 
stable complex (Kassoc = 3300 M–1 in 5% DMSO-d6:CDCl3) with DNA base pair mimics such as 
ureido-deazapterin (DeAP) 4 (Figure 2.1b).63 Realizing that these heterocomplexes could 
compete with other well known, stable dimers (e.g., UPy; Kassoc = 107 M–1 in chloroform), Li27 
11
†Portions of this chapter have been adapted from a previous publication: Anderson, C. A.; Taylor, P. G.; 
Zeller, M. A.; Zimmerman, S. C. J. Org. Chem. 2010, 75, 4848–4851.
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Figure 2.1. Heterocomplexes formed with the DAN motif: a) 1 and pyridylurea 2; b) 3 and DeAP 4. c) 
use of 6 to drive the reversible formation of pseudorotaxane 5 via competition with UPy.
used the DAN·UPy  interaction to reversibly control pseudorotaxane formation by breaking the 
UPy complex 5 with diamidonaphthyridine 6 (Figure 2.1c).
 The ability  of the DAN unit to break the UPy dimer and form a stable heterocomplex has 
been used by Meijer in ongoing research in supramolecular polymer chemistry (Figure 2.2a-b). 
Examples of linear supramolecular copolymers28 and graft architectures72 have been reported; 
here, supramolecular chemistry allows a modular approach to polymer synthesis as different 
blocks or side chains can be brought together non-covalently. One limitation of supramolecular 
polymers based on difunctional, telechelic subunits using the DAN·UPy interaction for assembly 
is the concentration dependent ring-chain equilibrium that favors the formation of small rings at 
low concentration.28,51 Rings can dominate the equilibrium for solutions having millimolar 
concentration of these H-bonding units. The UPy unit  is well known to form a stable dimer73 and 
this can drive the formation of rings in A-A type monomers. In effect, the ring-chain equilibrium
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Figure 2.2. a) Linear and b) graft copolymers synthesized via the DAN·UPy interaction.
limits the degree of polymerization (DP) of linear polymer chains and requires high 
concentration of the recognition unit in solution to achieve high DPs. The influence of this 
equilibrium on the rheology and self-assembly of polymer chains is apparent in systems using 
either A-A/B-B or A-B type difunctional monomers.28,74,75 The molecular weight of the linker 
portion of these supramolecular monomers does not appear to significantly  alter the position of 
the equilibrium. Efforts to shift  the equilibrium by decreasing the stability of the dimerizing 
species have been more successful.66 In the context of supramolecular graft  copolymers, the 
dimerization of UPy limits graft density  as the desired grafting reaction is always in competition 
with dimerization.
 Alternatively, DAN can be used to form heterocomplexes with complementary quadruple 
H-bonding motifs that weakly self-associate (Figure 2.3a). When DAN is paired with the UG 
module 7,29 the resulting complex is very  stable (Kassoc = 107 M–1 in CDCl3) and because 
competing self-association by the DAN and UG units are minimal (Kdimer, DAN < 10 M–1; Kdimer, UG
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Figure 2.3. a) The DAN·UG and DAN·DeUG pair. b) Alternating block copolymers via DAN·UG and c) 
ABC triblock copolymers via orthogonal H-bonding interactions.
< 300 M–1 in CDCl3), this system also exhibits high fidelity.18,19 The recently developed 
DAN·DeUG system69,76 has similar properties and until recently,25 was the most stable example 
of a quadruply  H-bonded complex featuring four contiguous H-bonds. The fidelity  of the 
DAN·UG system enables the non-covalent synthesis of alternating block copolymers,30 and 
when used with orthogonal H-bonding motifs, ABC type block copolymers can be prepared 
(Figure 2.3b-c).77
 The influence of DAN-mediated self-assembly on polymer blends and block copolymer 
phase morphology has been given recent attention.75,78,79 Careful selection of the non-covalent 
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interaction is important  for the performance of a polymer blend featuring quadruple H-bonding 
interactions. Equally important, is the selection of polymers used in the blend. Although models 
describing phase behavior of H-bonded polymers have been developed,80 and although one can 
measure and understand competition between H-bonding units (e.g., DAN·UPy or DAN·UG) in 
solution, when one pairs these designed interactions with polymer segments having varying 
degrees of unfavorable interchain interactions (described by the Flory interaction parameter), it  is 
difficult to say, a priori, which will dominate. This is partly  because we know little about the 
stability  of the designed H-bonding interactions in polymer matrices. Important  factors that 
influence the stability of these interactions in polymers are the interaction of polar groups in the 
polymer with H-bonding sites in the recognition units, inter- and intrachain interactions, and 
conformational and mobility restrictions imparted by the surrounding polymer chains.
 Nonetheless, the high-fidelity DAN·UG pair has been used to blend immiscible polymers 
such as polystyrene (PS) and polybutylmethacrylate (PBMA), with no apparent macro- or 
microphase separation.78,79 1H NMR analysis of mixtures of both polymers in solution indicate 
the expected heterocomplex is formed, and thermal analysis of thin films by dynamic scanning 
calorimetry (DSC) indicates that these samples are indeed homogeneous blends because a single 
glass-transition temperature is observed. Use of the DAN·UPy pair has also been evaluated in the 
context of polymer blends. Blending of polyethylene butylene and polyoctene via linear 
telechelic A-A/B-B type units yields material with microphase separation as determined by DSC 
and atomic force microscopy  (AFM).75 In both of the above cases, the polymer chain architecture 
and loading of recognition units in the polymers could, in principle, be altered to adjust the 
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degree of phase separation and may be a method for fine-tuning the properties of a particular 
polymer blend.
 To this end, Hawker studied several structure-property relationships of supramolecular 
diblock copolymers featuring the DAN·UPy interaction.81,82 In one study, the stability  of a blend 
of poly(butylacrylate) (PBA) and polybenzyl methacrylate (PBnMA) against thermal annealing 
was evaluated.81 It  was found that the DAN·UPy interaction stabilized the blend and prevented 
macrophase separation even when kept at 100 °C for 7 days. Control polymers featuring either 
UPy dimers or no H-bonding interaction at all, underwent phase separation within 3 hours at 100 
°C. Further work with this system investigated the use the DAN·UPy interaction to control the 
microphase structure formed in diblock copolymers.82 PBA and PBnMA blocks of various 
molecular weight were systematically  evaluated and it was found that polymer incompatibility 
prevented the ordering requisite for formation of any discrete phase morphology  and instead 
gave disordered blends. Hawker attributes this outcome to the use of the UPy unit. The large 
Kdimer of UPy leads to competition between UPy  dimers and the DAN·UPy complex in the blend 
which ultimately results in poor control over the assembly of the polymer blocks.
 It is clear that the favorable binding properties of the DAN unit have made this module 
useful in supramolecular and materials chemistry. These and future advances depend on the 
availability of preparations allowing access to functional derivatives of DAN which will in turn 
enable the attachment of DAN to other molecules, macromolecules, surfaces, and nanostructures. 
Thus, significant effort has gone toward the development of improved syntheses of the DAN 
unit. This chapter describes our recent development of Cu-promoted amination for the synthesis 
of functional naphthyridine derivatives useful for advanced study of the DAN motif.
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2.2 Conventional Syntheses of Functional Diamidonaphthyridines
Although the diamidonaphthyridine module has been used in H-bond mediated self-assembly 
and exhibits many interesting properties, practical syntheses of derivatives useful for applications 
in materials science and polymer chemistry have been lacking. The following is an overview of 
the conventional approaches to functional diamidonaphthyridines. Non-symmetric derivatives 
are arguably the most useful naphthyridines for application to materials chemistry  because they 
can present orthogonal functionality for construction of highly complex architectures by non-
covalent synthesis. Although our interest in non-symmetric naphthyridine units is primarily 
aimed at materials chemistry, the methods described herein are certainly applicable to the 
synthesis of naphthyridine units required for other purposes. There are two general approaches 
for the synthesis of functional, non-symmetric diamidonaphthyridine compounds. The first 
involves elaboration of the naphthyridine ring-system via condensation of diaminopyridine with 
a functional condensation partner during synthesis of the naphthyridine ring-system and 
subsequent manipulation. The second approach involves functionalization via either of the amide 
groups and involves a series of functional group transformations with a preexisting naphthyridine 
ring-system.
 For example, Lüning reported functionalization of the naphthyridine ring system at the 3-
position via Friedländer condensation of 2,6-diaminopyridine-3-carboxaldehyde 8 with various 
cyanoacetamides in the presence of piperidine (Figure 2.4a).83 This method allows access to 
aminonaphthyridines 9 which can be readily  acylated to give the corresponding 
diamidonaphthyridine 10. Alternatively, activated or unactivated 1,3-dicarbonyl compounds can 
be used, affording the corresponding 2-naphthyridinone.84 The 2-naphthyridinone must next be 
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converted to the 2-halonaphthyridine and subsequently  ammonolyzed to provide the desired 
diaminonaphthyridine. Potential drawbacks include the necessary  synthesis of carboxaldehyde 
884 and that bulky substituents at the 3-position may interfere with the geometry  of the carbonyl 
of the amide at  the 2-position. The latter may adversely  impact the binding properties of DAN 
modules synthesized in this fashion. The naphthryidine ring system may also be functionalized at 
the 4-position via condensation of 2,6-diaminopyridine 11 with 1,3-dicarbonyl compounds under 
acidic conditions affording naphthyridinone 12 (Figure 2.4b).85 Necessary functional group 
manipulation (e.g., deblocking, halogenation, amination) affords diamidonaphthyridine 13. 
These necessary steps and reports that this method can be unreliable,85 make alternative routes 
for the synthesis of DAN derivatives worth pursuing.
 Alternatively, the syntheses of non-symmetric diamidonaphthyridines can be 
accomplished via selective hydrolysis of one amide of diamidonaphthyridine 14 (Scheme 2.1). 
Li reported that  heating 14 in dry THF with NaOH could return up to 50% yield of the 
corresponding monoamide 15; acylation of the monoamide yields the non-symmetric 
diamidonaphthyridine 16.70 Compound 14, used for hydrolysis, is prepared via acylation of 2,7-
diaminonaphthyridine 17, which is in turn obtained through high-pressure ammonolysis of 
chloronaphthyridine 18 (Figure 2.5a).68 Use of 17 presents a significant safety hazard as
N NH2H2N
CHO R3
CN
+ piperidine
ROH N N NH2H2N
R3
N N NN
H H
R1
O
R1
O
R1COCl
Et3N
pyridine
100 °C
R3a)
b)
N NH2H2N
EtO
O
R
O
N NH2N O
H
R
N NN
R
N
100 °C 1) POCl3
2) ammonolysis
3) acylation
1)
2) H2SO4 R1
H
O
H
O
R1
8 9 10
11 12 13
Figure 2.4. Functional diamidonaphthyridines via derivatization of the naphthyridine ring system at the a) 
3-position and the b) 4-position.
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ammonolysis is typically conducted in steel high-pressure vessels using anhydrous ammonia at 
temperatures above the melting-point of the substrate (> 150 °C) and at elevated pressure (~ 10 
atm). Anhydrous ammonia is necessary to minimize hydrolysis of chloride 18 under these 
forcing conditions. 
 Use of p-methoxybenzylamine as an ammonia surrogate in the synthesis of 
diaminonaphthyridine has been reported and is less technically demanding than direct 
ammonolysis, however this route suffers from poor atom economy (Figure 2.5b).86 Azide has 
also been considered as an ammonia surrogate; Goswami reported preparation of 
tetrazolonaphthyridine 19 by treating a naphthyridinyl chloride with sodium azide followed by 
reduction of the tetrazole using Zn0/HCl.87 Use of azide as an ammonia surrogate is very 
appealing, however, in our hands, this method failed to yield the desired product. Further 
investigation revealed that amidonaphthyridine 20 could be converted to the corresponding 
tetrazole 21, but all attempts at reduction failed to give isolable quantities of the desired product. 
Regardless of the method used in the synthesis of 17, the overall process does not preserve the 
non-symmetric display of functionality  present in the ultimate naphthyridinone precursor. The 
method of Park86 could overcome this drawback, in principle, if conditions for the release of the 
ammonia surrogate were tolerant of various amidonaphthyridine side-chains. Indeed, 
naphthyridinyl amides are quite sensitive to acidic and basic hydrolysis.
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Figure 2.5. Preparation of diaminonaphthyridine as a precursor to functional diamidonaphthyridines via 
a) high-pressure ammonolysis or b) use of ammonia surrogates.
 A straightforward approach has been reported by Ligthart88 wherein chloronaphthyridines 
undergo palladium-catalyzed amidation with various primary  amides (Scheme 2.2). Treatment of 
2,7-dichloronaphthyridine 22 with a primary amide, a chelating phosphine ligand (e.g., 
Xantphos), K2CO3, and Pd(OAc)2 in dioxane at 100 °C for 24 hours gave symmetric 
diamidonaphthyridines (5 examples) in 60–90% yield. Synthesis of non-symmetric 
diamidonaphthyridines was accomplished by either monoamidation of 22 under Buchwald-
Hartwig conditions using 1 equivalent of amide or acylation of aminonaphthyridinone 23 
followed by chlorination with POCl3 and subsequent amidation under the optimized conditions. 
The first stage of the former route resulted in difficult  to purify  mixtures of the desired 
monoamide and the undesired diamidonaphthyridine. The latter route avoids this limitation, 
however reactions performed via either route were susceptible to amide hydrolysis under the 
reaction and work-up conditions. Steric bulk of the amide side chain also appears to limit yield 
of the amidation reaction (i.e., 35% for adamantyl vs 90% for linear alkyl). Functional groups 
such as "-olefins were tolerated, however incorporation of alcohol, amine, and acid groups 
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required use of protecting group chemistry. Overall, this method could give non-symmetric 
diamidonaphthyridines in 30–45% yield over 4–5 steps from commercial starting materials.
 Given recent advancements in C–N bond-forming reactions,89–91 we explored use of 
copper-catalyzed amination toward the synthesis of diamidonaphthyridines (Scheme 2.3). This 
approach relies upon the synthesis of an intermediate amino-amidonaphthyridine 24 that is 
transformed into a non-symmetric diamidonaphthyridine via carbodiimide coupling under mild 
conditions. This approach allows preparation of derivatives that are inaccessible via palladium 
catalysis and could be useful in cases where the primary  amide necessary for palladium methods 
is not readily available.
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2.3 Copper-Catalyzed Amination of Bromonaphthyridines with Aqueous Ammonia
Syntheses of (hetero)aryl amines are often accomplished via the Ullmann reaction, wherein high 
temperatures and stoichiometric quantities of copper reagents are frequently employed.89 Recent 
examples demonstrate that various secondary and tertiary (hetero)aryl amines can be prepared 
under milder conditions using various transition metal catalysts.90,91 Obtaining primary (hetero)
21
aryl amines, however, remains a challenge and relatively few examples have been reported. Early 
examples of palladium-mediated syntheses were typically achieved via coupling of (hetero)aryl 
halides with ammonia surrogates.92–95 Hartwig,96,97 Buchwald,98 and Beller99 have recently 
demonstrated palladium-catalyzed coupling of (hetero)aryl halides with anhydrous ammonia in 
the synthesis of primary amines. Current palladium-catalyzed methodologies require elevated 
pressures and strong bases to suppress formation of the corresponding secondary and tertiary 
amines (Figure 2.6a). In the context of diamidonaphthyridine synthesis, use of strong bases at 
elevated temperatures ought to be avoided because naphthyridinyl amides are remarkably labile.
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Figure 2.6. General conditions for a) Pd-catalyzed and b) Cu-promoted amination reactions. c) Specific 
examples of Cu-promoted amination of 2-halopyridines.
 Reports of copper-mediated syntheses of primary  (hetero)aryl amines are also uncommon 
(Figure 2.6b). Lang100 and Renaud101 have reported the preparation of aminopyridines by 
heating halopyridines, cuprous oxide (Cu2O), and anhydrous ammonia (Figure 2.6c). Bromides, 
iodides, and chlorides were successfully  converted to the corresponding aminopyridines; 
however, yields appear to be highly substrate dependent. More recently, Wolf reported amination 
of activated and unactivated aryl iodides and bromides by  heating the substrate, Cu2O, and 
concentrated aqueous ammonia (NH4OHaq) in NMP (Figure 2.6d).102 Conversion of aryl 
chlorides required activated substrates or microwave conditions. Renaud has reported a similar 
ou tcome upon t rea tment o f ha lopyr id ines wi th Cu2O, aqueous ammonia , 
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dimethylethylenediamine (DMEDA), and carbonate bases in ethylene glycol.103 Syntheses of 
anilines via CuI salts and ammonium chloride or aqueous ammonia have been reported; however, 
supporting ligands and base additives are necessary.104,105
 Although palladium-catalyzed methods for the synthesis of primary aryl amines are 
relatively well understood, mechanistic aspects regarding the analogous transformation using 
copper-catalysts have yet to be resolved.106 Pathways invoking oxidative addition/reductive 
elimination (i.e., via CuI/CuIII intermediates), single-electron- or halogen atom transfer and 
intermediate aryl radicals, activation of the substrate toward $-bond metathesis, or substitution 
via CuI intermediates have been posited. Recent work has been primarily  concerned with 
discriminating between either oxidative addition/reductive elimination or radical pathways; 
computational and experimental investigations have returned mixed results.107–111 Contradictory 
outcomes have been reported for density  functional theory studies of the origin of N- vs O-
arylation selectivities for Cu/phenanthroline and Cu/1,3-diketone systems depending on the 
model nucleophile or initial complex used in computations (e.g., alkyl vs chelating vs aryl).108–110 
Experimental work appears to support the operation of an oxidative addition/reductive 
elimination pathway. The reactivity of many  substrates follow trends expected for oxidative 
elimination/reductive elimination.106 CuI-amido complexes have been shown to react with 
iodoarenes to form aryl amines109,111 and CuIII-aryl complexes have also been shown to be viable 
intermediates.107 In the above examples, radical traps failed to detect radical intermediates.
 With the above considerations in mind, we attempted amination of acetamidochloro-
naphthyridine 2068 with 10 mol % of Cu2O and 10 equivalents of NH4OH(aq) at 90 °C in ethylene 
glycol. Unfortunately, these conditions returned exclusively the product of amide hydrolysis. 
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Attention was turned to study of 2-bromonaphthyridines. In general, 2-bromonaphthyridines 
have received little attention. Bromonaphthyridines could be obtained via treatment of a 
naphthyridinone with phosphorous oxybromide (POBr3) by analogy to the synthesis of 
chloronaphthyridines, however, POBr3 is considerably  more costly  than other brominating 
reagents such as phosphorus tribromide (PBr3) or phosphorous pentabromide (PBr5). Heating 
amino- or acetamidonaphthyridinone68 in POBr3/PBr5 resulted in low conversion and 
decomposition of the starting material. PBr3 was similarly  ineffective and use of cosolvents to 
aid mixing and dissolution of the substrate did not improve the outcome. A series of alkyl 
amidonaphthyridinones 26–31 were then prepared by  acylation of aminonaphthyridinone 23 with 
various acid chlorides in pyridine with triethylamine in order to improve solubility of the 
naphthyridinone (Table 2.1). Attempts to prepare alkyl-ureidonaphthyridinone 32 were 
unsuccessful. Fortunately, heating alkyl amidonaphthyridinones 26–31 at 110 °C in PBr3 gave 
acceptable yields of the corresponding bromides 33–38 after 6–24 hours (Table 2.2). Reactions 
performed at lower temperatures or for shorter duration gave incomplete conversion to bromides 
36–38, upon prolonged heating and were difficult to purify.
 With various bromonaphthyridines in hand, copper-mediated amination was reevaluated 
(Table 2.3). The method of Lang was adopted with the modification that NH4OH(aq) was used in 
place of anhydrous ammonia.100 This modification was intended to obviate the need to dispense 
and handle anhydrous ammonia. HPLC analysis of reaction mixtures obtained from heating the 
bromide 33, 10 mol % of Cu2O, and 10 equivalents of NH4OH(aq) in ethylene glycol at 90 °C for 
12 hours indicated a 3:2 mixture of aminonaphthyridine 39 and diaminonaphthyridine 17. Amide 
cleavage is responsible for formation of 17. Solvolysis products were detected by LC/MS of
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Table 2.1. Acylation of aminonaphthyridinones.a
N NN
H
O
H
ORN NH2N
H
O
RCOCl
Et3N
Pyridine
90 °C
23
entry substrate, R = product (yield, %)
1 26 (86)
2 27 (93)
3 28 (82)
4 Br 29 (84)
5 30 (83)
6 Br 31 (44)
7
N
H
32 (–)
a0.01 equivalents DMAP, 1.2 equivalents Et3N, 1.2 equivalents RCOCl, 18–48 
hours.
Table 2.2. Bromination of amidonaphthyridinones using PBr3.a
N NN
H
O
H
OR
PBr3
110 °C N NN
H
O
R Br
entry substrate, R = time (h) product (yield, %)
1 26 12 33 (65)
2b 27 24 34 (49)
3 28 12 35 (58)
4c 29 Br 6 36 (28)
5 30 72 37 (28)
6b 31 Br 48 38 (15)
a20 equivalents of PBr3. b30 equivalents of PBr3. c65 equivalents of PBr3.
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crude reaction mixtures. Conditions were sought to suppress both of these side reactions. 
Increasing catalyst loading to 30 mol % and heating to 90 °C allowed consumption of 33 within 
1 hour. HPLC analysis indicated a 19:1 ratio of 33 to its hydrolysis product, with 39 isolated in 
73% yield. Changing the conditions to 45 °C for 24 hours gave an improved product to 
byproduct ratio without a loss in yield. A brief survey of other copper reagents indicated that Cu0 
and other CuI salts were competent precursors, although Cu2O was the most effective.
Table 2.3. Cu-promoted amination of bromonaphthyridines.a
N NN
H
R
O
Br
NH4OH, "Cu"
solvent 
23–90 °C
N N NH2N
H
R
O
R = C7H15
R = C3H7
R = C7H15
R = C3H7
= C7H15
= C3H7 33
34
39
40
entry Cu source mol % cat.b time (h) temperaturec 
(°C)
solventd yield (%)
1 Cu2O 10 12 90 EG 34
2 Cu2O 30 1 90 EG 74
3 Cu2O 30 24 45 EG 73
4 Cu0 10 24 45 EG 7
5 CuO 10 24 45 EG 0
6 CuCl2 10 24 45 EG 0
7 Cu(OAc)2 10 24 45 EG 0
8 CuI 10 24 45 EG 0
9 CuBr 10 24 45 EG 2
10 Cu2O 5 24 45 EG 7
11 – – 24 45 EG 0
12 Cu2O 30 24 rt EG 10
13e Cu2O 30 24 rt EG 65
14 Cu2O 30 24 rt tetrahydrofuran 5
15 Cu2O 30 24 rt glyme 8
16 Cu2O 30 24 rt isopropanol 17
17 Cu2O 30 24 rt ethanol 37
18 Cu2O 30 24 rt 1:1 (v:v) 
glyme:EG
87
a570 µmol of 33, 10 equivalents of NH4OH(aq). bvs bromide. crt = 25 ± 3 °C. dEG = ethylene glycol. e570 
µmol of 34.
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 Amide hydrolysis was still apparent for reactions performed at 45 °C. Lower 
temperatures were evaluated to further suppress this side reaction. Reactions performed with 30 
mol % catalyst at room temperature (25 °C) gave incomplete conversion after 24 h; however, 
reaction of 34 under otherwise identical conditions gave the corresponding product 40 in 65% 
yield, suggesting that solubility  of the substrate is a limiting factor. A short survey of solvents 
revealed that reactions performed at room temperature in 1:1 (v:v) mixtures of ethylene glycol 
and glyme afforded 39 in yields as high as 87%. LC/MS indicated that hydrolysis and solvolysis 
products accounted for the remaining UV-active species (260 nm). Note that secondary and 
tertiary  amines, resulting from amination of 33 with 39, were not  detected throughout these 
investigations.
 Amination of aryl bromides (e.g., bromobenzene) using Cu2O, and NH4OH(aq) in ethylene 
glycol was evaluated in the presence of several naphthyridine derivatives to determine whether 
naphthyridines could promote general copper-mediated amination (Figure 2.7a). Unfortunately, 
treating bromobenzene with 10 mol % Cu2O, 10 equivalents of NH4OH(aq), and 20 mol % of 
naphthyridinones 23 or 27 in ethylene glycol failed to give detectable conversion to aniline. 
Additional experiments performed using 2-bromopyridine and naphthyridinone 26 or 
naphthyridine 39 failed to give higher conversion to 2-aminopyridine than control experiments 
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Figure 2.7. Evaluation of naphthyridine as a ligand for mild Cu-promoted amination.
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lacking any naphthyridine (Figure 2.7b). Thus, naphthyridine may not be useful as a supporting 
ligand for copper-mediated amination.
 Application of the conditions optimized for the synthesis of 39 to compounds 34–38 
afforded the corresponding aminonaphthyridines 40–43 in 10–65% yield (Table 2.4). No attempt 
was made to optimize these reaction yields, which appear to correlate with hydrolytic stability  of 
the amide. Simple optimization of the solvent or solvent  mixture by choosing a solvent system 
that dissolves the substrate at ambient temperature and in the presence of aqueous ammonia, may 
lead to improved yields. Bromides featuring alkyl amides gave the highest yields while yields for 
aryl and benzyl substrates were significantly lower. Indeed, amination of 37 and 38 gave 25% 
and up  to 60% yield of 2-amino-7-bromonaphthyridine, respectively, resulting from amide 
hydrolysis. In the case of isobutyrylbromide 36, the desired product could be neither isolated nor 
Table 2.4. Room temperature, Cu-promoted amination of bromonaphthyridines with aqueous ammonia.a
N NN
H
R
O
Br
NH4OH
30 mol % Cu2O
solvent
23 °C, 24 h
N N NH2N
H
R
O
entry substrate, R = solventb product (yield, %)
1 33 1:1 (v:v) glyme:EG 39 (87)
2 34 EG 40 (65)
3 35 1:1 (v:v) glyme:EG 41 (53)
4 36 Br 1:1 (v:v) glyme:EG –
5 37 EG 42 (23)
6 38 Br 1:1 (v:v) glyme:EG 43 (10)
a1 mmol of bromide, 10 equivalents of NH4OH(aq), 25 ± 3 °C, 24 hours. bEG = ethylene glycol.
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detected by  LC/MS. Although > 10 wt % CuI is used as precatalyst, ICP-MS analysis for Cu 
indicates samples of 39 and 40 contain " 0.1 wt % Cu upon purification by column 
chromatography.
 Copper-catalyzed amination of bromonaphthyridines could also be useful for the 
preparation of diaminonaphthyridine (Scheme 2.4). As noted above, this compound is frequently 
detected as a byproduct of amination. Initial attempts were concerned with converting 
bromonaphthyridine 34 to diaminonaphthyridine 17 in one step. 1H NMR indicated high 
conversion of 34 to 17, however purification of these reactions was difficult. Thus, a two stage 
approach involving amination of 34 followed by  hydrolysis of amide 40 is being pursued by 
undergraduate student Eric Novitsky.
Scheme 2.4
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2.4 Carbodiimide Coupling of Aminonaphthyridines with Carboxylic Acids
Aminonaphthyridines prepared in the previous section are useful substrates for the synthesis of 
various diamidonaphthyridines (Scheme 2.5). Naphthyridinyl amines 39 and 40 are sufficiently 
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nucleophilic as to react with succinic anhydride and alkyl isocyanates at room temperature, 
affording acid 44 and ureidonaphthyridines 45 and 46, respectively. Acylation can also be 
achieved by reaction with acyl halides and active esters.
 Peptide bond formation via use of carbodiimide coupling agents112 is also viable because 
neutral conditions and low temperatures will tolerate diverse functionality on the naphthyridine 
substrate as well as on the coupling partner. Thus, conditions for the preparation of functional, 
non-symmetric diamidonaphthyridines were sought. Coupling of aminonaphthyridines 39, 40, 
and 43 with various commercially  available carboxylic acids was carried out  with N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) or 1-hydroxybenzotriazole 
(HOBt) and 4-(dimethylamino)pyridine (DMAP) in CH2Cl2 (Table 2.5). The desired 
diamidonaphthyridines 47–52 were obtained in 60–95% yield. Although a wide range of 
carboxylic acids with useful functionality  are commercially available, ongoing projects have 
sometimes required functional carboxylic acids that are not readily available. For example 
styrene 53, acrylate 54, and methacrylate 55, were necessary  for the preparation of monomers for 
polymer functionalization and organic coatings (Figure 2.8) (vide infra). Methacrylate and 
acrylate monomers 54 and 55 were prepared by treating the parent alcohol with succinic 
anhydride in the presence of DMAP. Treatment of 39 with acids 53–55 under the above 
conditions gave similar yield of the corresponding naphthyridines 56–58. Through this 
methodology, mono- and heterobifunctional diamidonaphthyridines amenable to copper-
catalyzed azide-alkyne cycloaddition (CuAAC),113 and those bearing polymerizable vinyl 
moieties, or atom-transfer radical addition polymerization114 initiators can be prepared without 
protecting group chemistry. 
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Figure 2.8. Carboxylic acids used in the preparation of DAN-functionalized vinyl monomers.
Table 2.5. Non symmetric diamidonaphthyridines via carbodiimide coupling of aminonaphthyridines 
with functional carboxylic acids.a
N N NH2N
H
R1
O
R2CO2H
EDC 
DMAP or HOBt
CH2Cl2, rt
N N NNR1
O
H H
R2
O
entry R1 = R2 = product (yield, %)
1 Br 47 (97)
2
N35
48 (87)
3
3
49 (98)
4b Br
3
50 (59)
5 Br 51 (95)
6
4
52 (74)
7
O
O
O4
56 (94)
8
O
O
O
O 57 (83)
9c
O
O
O
O
n
58 (> 95)
a350 µmol of amine, 0.25 equivalents of DMAP, 2 equivalents of acid, 2 equivalents of EDC. b45 °C. 
c0.25 equivalents HOBt.
2.5 Conclusions
An alternative route to functional, non symmetric 2,7-diamido-1,8-naphthyridines using copper-
mediated amination of bromonaphthyridines has been developed. Bromonaphthyridines were 
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prepared from the corresponding naphthyridinones via treatment with phosphorus tribromide. 
The amination of bromonaphthyridines can be performed in ethylene-glycol/aqueous ammonia 
solution at room temperature, in the presence of Cu2O, and is effective for preparation of alkyl 
2,7-diaminonaphthyridine monoamides. The monoamides can be prepared at room temperature 
and ambient pressure. Carbodiimide coupling with functional carboxylic acids affords useful, 
monofunctional diamidonaphthyridines in good to excellent yields. Bifunctional derivatives can 
be prepared from functional monoamides, however the overall yields for such compounds by  this 
method are poor. This approach may offer an alternative to that reported by  Meijer88 in cases 
where the substrate prevents the use of palladium catalysis or where the required primary amide 
is not readily  available. Indeed, the overall yields for the copper amination methodology are 
comparable to those of the palladium amidation methods (i.e., 45% yield over 4 steps vs 40% 
yield over 5 steps). In the present case, the synthesis of “clickable,” polymerizable, and aryl 
bromide containing diamidonaphthyridines without use of protecting group chemistry  may make 
this an appealing route to compounds useful for the development of smart materials based on 
quadruple H-bonding units.
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CHAPTER 3
SYNTHESIS OF FUNCTIONAL UREIDO-DEAZAGUANINE DERIVATIVES FOR 
POLYMER AND SURFACE MODIFICATION‡
3.1 Higher-Affinity, Higher-Fidelity Molecular Recognition
The ureidoguanosine (UG) and diamidonaphthyridine (DAN) modules have remarkable affinity 
for one another, and the small self-dimerization constants measured for each unit allow a system 
that also exhibits high fidelity.29 The high-affinity and high-fidelity of the UG·DAN system have 
been useful for the investigation of various supramolecular polymers. For example, the non-
covalent synthesis of alternating AB copolymers30 and ABC block copolymers,115 and the 
blending of otherwise immiscible polymers have been realized.78 These systems would not be 
possible were it  not for the exquisite control over self-assembly imparted by  this particular pair 
of recognition units.
 Despite the utility of the DAN·UG pair, the UG unit does have some drawbacks. 
Specifically, UG units useful for applications rely on a ribose linkage for attachment. Cleavage 
of the ribose could ultimately limit the lifetime of material incorporating the UG motif. 1H NMR 
dilution and vapor pressure osmometry experiments suggest that the UG module has a 
dimerization constant of approximately 200 M–1 and self-associates by  oligomerization.29 
Crystallographic analysis also supports this mode of self-assembly and indicates that N7 of UG 
participates in self-association; deletion of this H-bonding site may prevent this mode of self-
assembly  which could further reduce Kdimer. When paired with DAN, use of such a unit would be 
expected to give a system with higher stability and higher fidelity. Thus, ureido-7-deazaguanine, 
or DeUG, was developed to test these design principles.
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‡Portions of this chapter have been adapted from a previous publication: Kuykendall, D. W.; Anderson, C. 
A.; Zimmerman, S. C. Org. Lett. 2009, 11, 61–64.
3.2 Motivation and Approach for the Synthesis of Functional DeUG Derivatives
 Previous work by  coworker Hugo Ong showed that DeUG could be prepared in 15–20% 
yield over four steps starting from 2-amino-4,6-dichloropyrimidine and that this unit formed a 
stable complex with the DAN module.69 In non-polar solvents (e.g., CDCl3), 1H NMR and NOE 
data are consistent with the urea of the DeUG unit adopting a syn-conformation, thereby 
preorganizing the unit  for binding DAAD (D = H-bond donor, A = H-bond acceptor) motifs (e.g., 
DAN). Qualitative binding and competition studies revealed that the DeUG·DAN system forms a 
stable heterocomplex (Kassoc > 107 M–1) in CDCl3. Interestingly, the DeUG unit forms a more 
stable dimer than the UG unit (Kdimer = 880 M–1 vs Kdimer = 220 M–1), however this is sufficiently 
small as to be negligible when the DeUG unit is used in applications.
 At this point, the compound lacked a synthetic handle for use in applications and the 
binding properties of the DeUG unit deserved a more detailed evaluation.76 Coworker Darrell 
Kuykendall developed an improved synthesis of DeUG 59 that incorporated an acetic acid 
moiety at C8 (Scheme 3.1) and performed detailed binding studies of the DeUG·DAN system. 
Use of a functional "-halocarbonyl compound for cyclocondensation with aminopyrimidinone 60 
yields deazaguanine 61 that can be further transformed into a functional DeUG unit by treatment 
with isocyanates and by performing other synthetic manipulations. This method also allowed 
preparation of 59 in gram quantities without chromatographic purification. Isothermal titration 
calorimetry (ITC) experiments placed the Kassoc at 107 M–1 in CHCl3. In this medium, the self-
association of 59 was apparent from the isotherm and the %H for self-association was estimated 
to be –1.6 kcal mol–1. A 1H NMR van’t Hoff experiment was used to measure %H for the self-
association of 59 and indicated that this amounted to –1.7 kcal mol–1. Correcting the isotherm for 
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self-association puts the Kassoc for the DeUG·DAN system at 108 M–1. Crystallographic studies of 
the DeUG·DAN complex indicate that  self-assembly occurs via four H-bonds (Figure 3.1a). 
Similar analysis of 59 indicates that this unit self-assembles into linear tapes via urea-pyridone 
contacts featuring two H-bonds (Figure 3.1b). Furthermore, the DeUG unit is pre-organized for 
binding with DAN and this may  be in part responsible for the high affinity of the DeUG·DAN 
system relative to the UG·DAN system.
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Figure 3.1. Representations of a) DeUG·DAN and b) the self-assembly of DeUG into linear tapes via 
pyridone-urea contacts from X-ray structural analysis of the corresponding crystals.
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 The DAN·DeUG system is potentially useful for materials chemistry  applications. In the 
context of organic coatings, use of such high-affinity, high-fidelity  interactions could promote 
supramolecular polymerization and hetero-diffusion of polymer chains as latex particles coalesce 
during drying. This may  lead to more robust films or allow use of low molecular weight 
supramolecular “prepolymers;” the benefit being that low viscosity  formulations can be used 
which may  improve wetting. Alternatively, incorporation of non-covalent bonds into the coating 
via the use of H-bonding modules may allow the coating to dissipate stress during use, or to 
minimize internal stresses upon curing as recognition units could form and reform bonds as the 
material reaches a minimum energy.116 Self-healing behavior may be possible as the dynamic 
nature of the non-covalent bonds could enable the reformation of the polymer network under 
suitable conditions.117
 Testing these and other hypotheses requires synthesis of functional DAN and DeUG 
units. As has been shown previously, functional DAN derivatives can be prepared via amination 
followed by carbodiimide coupling (Chapter 2). Thus, the chemistry of the DeUG unit should be 
similarly  expanded. Evaluation of the performance of these units in coatings applications 
requires incorporation of these modules into acrylic resins and necessitates some degree of water 
solubility. Water solubility is necessary to prevent segregation of the modules to hydrophobic 
regions of the dispersed resin. Display of modules near the interface of the dispersed and 
continuous phases will be productive with respect to maximizing the specific H-bonding 
interaction. Thus, a series of DAN and DeUG derivatives featuring (meth)acrylate functionality 
and polyethylene glycol (PEG) as a water-solubilizing group were proposed. Specific design 
criteria call for both a DAN and DeUG (meth)acrylate exhibiting 0.1 wt% (w/v) solubility in 
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water. To allow the performance of these units in material to be tested, the monomers must each 
be prepared in twenty  gram quantities. Therefore, actual synthetic targets were selected to 
achieve a balance of favorable solubility, ease of synthesis, and scalability.
 Aqueous solubility  of the proposed synthetic targets was estimated via chemical 
fragment-based log P calculations118 performed using ACD/Labs ChemSketch software.119 
Plausible syntheses were kept in mind while choosing potential targets and data for select 
compounds appear below (Figure  3.2). An ideal log P value would be < 0, implying that the 
relative concentration of the compound of interest will be greater in the aqueous portion of an 
octanol-water biphasic mixture. The calculation results for the DeUG unit indicate that side 
chains should be kept short and the position of solubilizing groups may affect the solubility of 
the final compound. Naphthyridines are expected to have greater solubility in 
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Figure 3.2. Reasonable target  compounds for water-soluble a) DeUG and b) DAN vinyl monomers. Log 
P values are given in parentheses, n = 7 for all calculations.
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water than the proposed DeUG structures. Although one of the potential naphthyridine structures 
has a log P < 0, this compound was not pursued because the synthesis, purification, and stability 
of this compound were thought to be unsuitable given the multi-gram quantities required for 
testing.
3.3 Synthesis of N9-Propyl Deazaguanine
Per the results from log P calculations, a propyl-DeUG core was selected for further 
modification. The core DeUG module was modified as little as possible to avoid significant 
deviation from the established reaction and purification procedures.76 The synthetic route is 
summarized in Scheme 3.2. Chlorination and hydrolysis of 2-amino-4,6-dihydroxypyrimidine 
was performed on larger scale than reported in the literature but nonetheless gave the desired 
chloride 62 in comparable yield and purity as previously reported.76 At this point, the usual 
cyclohexylmethylamine was abandoned in favor of 1-aminopropane. Although primary  amines 
having shorter alkyl chains are available, and may increase water-solubility of the final product, 
1-aminopropane was chosen because it has a boiling point compatible with the established 
substitution conditions. Thus, substitution of the chloropyrimidinone 62 with propylamine was 
accomplished on 30 gram scale using 10 equivalents of propylamine in refluxing butanol. 
Aminopyrimidinone 63 partitions in the aqueous phase and this simplified purification by 
allowing undesired organic impurities to be washed out with CH2Cl2 or CHCl3. 
Cyclocondensation of 63 with ethyl 4-chloroacetoacetate was conducted under identical 
conditions as reported in the literature.76 Thus, N9-propyl deazaguanine 64 was prepared in 
several 25–30 gram batches. Note that a modified work-up was necessary because 64 was 
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soluble in the DMF/water mixture used in the standard work-up. Removal of DMF/water was 
necessary to ensure that the trituration remained effective for the purification of this compound.
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3.4 Methods for the Derivatization of the DeUG Module
The N9-deazaguanine core represents a branch point in the synthesis of functional DeUG 
derivatives (Figure 3.3). Blocked DeUG derivatives, useful as control compounds to probe the 
influence of self-assembly on properties, can be prepared by alkylating N1 (Figure 3.3a). The 
exocyclic amine can be treated with electrophiles such as carboxylic acid chlorides120 and 
isocyanates (Figure 3.3b–c). The ethyl ester can undergo transesterification, or can be 
hydrolyzed to generate the corresponding deazaguanine acetic acid (Figure 3.3d–e). The 
carboxylic acid can then be used to prepare esters and amides via carbodiimide coupling (Figure 
3.3f).
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Figure 3.3. General strategies for the synthesis of functional DeUG derivatives.
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 Alkylation at N1 of 7-deazaguanine was accomplished by  treating deazaguanine 64 with 
MeI and K2CO3 in DMF at ambient temperature (Figure 3.4a). Chromatographic purification 
was necessary, but gram quantities of methyl-deazaguanine 65 could be readily prepared and 
isolated. Because the alkylation of guanine and deazaguanine derivatives can produce several 
different regioisomers (Figure 3.4b), NMR and UV-vis spectroscopy were used to verify the 
regiochemistry of the product 65. 1H NMR of the major product of the alkylation reaction 
indicated a singlet, integrating to 3 Hs at 3.29 ppm, 13C NMR indicated a new resonance at 27.7 
ppm, and ESI-MS indicated a mass of 293.16 m/z, all of which are consistent with the 
incorporation of a methyl group on the deazaguanine heterocycle. These data are consistent with 
authentic N1(Me) deazaguanine derivatives 66 that were prepared regioselectively or by methods 
known to produce the N1(Me) isomer (Table 3.1).121,122 1H NMR ruled out alkylation at the 
exocyclic N (i.e., compound 67123) because a resonance at  6.71 ppm with an integration of two 
was recorded and is consistent with the presence of the exocyclic primary amine of 
deazaguanine. The chemical shift of the methyl- and exocyclic amine groups of O6(Me) 
deazaguanines 68124 are 3.33 and 3.91 ppm, respectively, and are not in agreement with data 
collected for compound 65. Furthermore, alkylation of O6 leads to a significant redshift (ca. 30 
nm) in &max relative to the parent deazaguanine (285 vs 258 nm).121,123 However, compound 65 
exhibits a redshift in &max of only 4 nm relative to 64, which is consistent with either the N1(Me) 
or the N3(Me) deazaguanine 66 or 69, respectively. Although the 1H NMR chemical shift of the 
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Figure 3.4. a) Alkylation of 64 and b) reference compounds used to distinguish the structure of 65.
Table 3.1. Spectroscopic data used in the determination of the structure of 65.a
-NH2 -Me
compound 1H (ppm) 1H [13C] (ppm) &max (nm)
64 6.19 – 268f
65 6.71 3.29 [27.7] 272f
66 6.53b 3.38 [27.7]b,c 260b,g
68 3.33d 3.91d 285d,g
69 – 3.52 [32.8]e 266b,g
a1H NMR data collected in DMSO-d6. bref. 121. cref. 122. dref. 123. eref. 124. fIn CHCl3. gIn methanol.
methyl groups in 65 and 69 are similar, the 13C NMR chemical shift  of the methyl groups differ 
by ca. 5 ppm. Based on these considerations, it is likely that 65 is the N1(Me)-deazaguanine.
 Typically, the urea group  is installed prior to manipulation of the ester functionality. The 
synthesis of N9 propyl ureido-7-deazaguanine 70 was completed by analogy  to the literature76 
with slight modification to the work-up (Scheme 3.3). Pyridine used as solvent in urea formation 
must be pure and anhydrous to achieve maximum yield and avoid chromatographic purification. 
The overall yield for the synthesis of 70 was 30%, comparable to that  for published derivatives. 
Chromatographic purification was not used at any stage, and it appears that synthesis of this 
DeUG derivative is limited simply by reactor size. One method for preparation of N1(Me)-
ureido-7-deazaguanine 71 was to treat 65 with butylisocyanate and a catalytic amount of 
pyridine at  elevated temperature for several hours. The product could be isolated by precipitation 
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and further purified by chromatography  to give blocked deazaguanine 71 for binding studies. 
Use of Et3N as base and longer reaction times led to formation of biuret 72 as the major product.
 Functionality can also be introduced via the urea by making use of an appropriately 
functionalized isocyanate (Scheme 3.3). Two useful examples were prepared in this manner. 
Thus, deazaguanine 64 was treated with 1,6-diisocyanatohexane and pyridine at  elevated 
temperature to give the corresponding isocyanate 73 for surface attachment. Similarly, 
deazaguanine 64 could be treated with 9-decenylisocyanate125 to prepare the corresponding 
olefin 74 as a substrate for hydrosilylation.126 Again, the analogous blocked DeUG derivatives 75 
and 76 could be prepared by  treating 65 under either of these conditions. Yields for both of these 
products were reduced relative to that obtained from reactions using the unblocked compounds. 
This could be because the blocked derivatives were more difficult to purify, and also because the 
side reactions, such as biuret formation, occurred more readily with the more electron-rich N1
(Me)-deazaguanine.
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 The ethyl ester of DeUG 59 and 70 can be hydrolyzed by analogy  to the literature76 
yielding the corresponding DeUG acetic acids 77 and 78 (Scheme 3.4). From here, carbodiimide 
coupling112 of DeUG acetic acid with various amines and alcohols can give DeUG derivatives 
79–81 with a range of functionality. Generally, 1.2–3 equivalents of the nucleophile are 
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necessary  to achieve good to excellent yields. Although most precursors in the DeUG synthesis 
can be isolated without chromatography, many of the esters and amides obtained by 
carbodiimide coupling require chromatographic purification. Using this method, DeUG units 
carrying azide and alkyne groups for use with CuAAC113 and aryl bromides for use in cross-
coupling127 reactions can be obtained and enable use of the DeUG unit in materials chemistry 
applications.
 In addition to the synthetic manipulations discussed above, transesterification is 
appealing because it offers the opportunity to avoid hydrolysis of the ester (Scheme 3.5). A 
number of transesterification protocols have been developed.128 Transesterification promoted by 
N-heterocyclic carbenes,129 DMAP,130 and potassium cyanide (KCN)131,132 were considered for 
application to the functionalization of DeUG. Although transesterification is used in the 
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deprotection of acylated alcohols,133 few examples have been reported whereby functionality is 
introduced or expanded with respect to the carbonyl component of the reaction.
 Test reactions for the transesterification of ethyl ester 59 in anhydrous ethylene glycol at 
elevated temperature in the presence of a catalytic amount of KCN proceeded slowly but yielded 
the desired transester 82. Reactions performed with a stoichiometric amount of KCN proceeded 
to much higher conversion and afforded 82 in 85% yield after extractive work-up. Increasing the 
temperature above 80 °C appears to lead to decomposition as TLC analysis indicated spots of 
baseline Rf. Treatment of DeUG 70 with ethylene glycol as above gave the analogous N9-propyl-
DeUG transester 83. This methodology was also successful in the transesterification of 70 with 
triethylene glycol. The longer glycol chain is intended to increase water-solubility of the final 
DeUG monomer and provide a handle for further elaboration. This transformation was effected 
in triethylene glycol with a stoichiometric amount of KCN. Periodic evacuation and backfilling 
with nitrogen led to higher conversion than reactions that were not evacuated. Presumably, 
evacuation removes ethanol and drives the reaction forward. The triethylene glycol transester 84 
was recovered in 75% yield when performed on 10 gram scale. Chromatographic purification 
afforded the 95% pure product  with the major contaminant being unreacted ethyl ester. Amide-
ester exchange reactions were attempted with ethanolamine, however the desired product could 
not be isolated. Interestingly, treating DeUG 70 with hydrazine hydrate in ethanol could give the 
corresponding hydrazide 85 in excellent  yield. Hydrazide 85 could be useful for coupling to 
aldehyde groups via hydrazone formation.134
 DeUG transesters 82 and 83 are good substrates for esterification with carboxylic acids 
53 and 55. Treating transester 82 with acid 53 under standard coupling conditions gave the 
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desired styrene monomer 86 in excellent yield. Aryl bromides, useful for Suzuki-Miyaura cross-
coupling135 in the context of polymer functionalization (Chapter 4) could be prepared by treating 
83 with 4-bromophenylacetic acid to give the corresponding bromide 87. Treating transester 83 
with acid 55 as above, gave methacrylate 88 good yield. In the latter case, performing the 
coupling in several batches on gram scale afforded 15 grams of DeUG methacrylate 88 for use in 
an industrial collaboration. Qualitative extraction experiments indicated that 88 had an aqueous 
solubility of 0.02 M (1.5 wt %), surpassing the minimum requirement of 0.1 wt %.
3.6 Conclusions
We have expanded the range of functionality  possible for the DeUG unit. This has been 
accomplished by modification at the urea and ethyl ester groups. The current methods are 
amenable to gram scale syntheses of useful DeUG derivatives. Azides and alkynes for use with 
CuAAC, aryl bromides for cross-coupling, and vinyl monomers for polymerization have all been 
accessed.
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CHAPTER 4
SUPRAMOLECULAR COUPLING AGENTS: BIOINSPIRED NANOSCALE 
ADHESION PROMOTERS
4.1 Interfacial Adhesion and its Relation to Supramolecular Chemistry
Adhesion phenomena are important to the function of cells,136–138 organisms,139,140 and many 
objects in our daily  existence. Strong interfacial adhesion is critical to the function of adhesives, 
coatings, and polymer composites.141–143 Poor interfacial properties can render adhesives, 
coatings, and composites susceptible to delamination of the resin from the substrate. In the 
context of adhesives and composites, this behavior can lead to reduced tensile- and shear-
strengths. With coatings, this behavior can lead to poor durability  and poor corrosion resistance. 
Therefore, one aim of adhesion science is improving interfacial adhesion.144 Although a number 
of explanations have been put forward to rationalize the behavior of systems exhibiting good 
interfacial properties (e.g., excellent wetting, mechanical interlocking, hetero-diffusion of resins, 
electrostatics), each are individually inadequate to fully explain adhesion or predict the 
performance of an adhesive bond.145,146 However, one common theme among the many theories 
of adhesion is that covalent and non-covalent interactions can influence the interfacial properties 
of a given system. For example, incorporation of polar functional groups, necessary for non-
covalent bonding, can alter the surface energy  of an adherend or the surface tension of an 
adhesive, thus affecting the wetting properties of the system.145,147 Incorporation of polar groups 
can also alter the tendency of a surface to build static charge, providing the basis for an adhesion 
mechanism relying on Coulombic attraction.145,148 Alternatively, the formation of covalent and 
non-covalent bonds can drive the mixing or diffusion of resins across an interface.145,149 Thus, 
there is an excellent link between supramolecular chemistry and adhesion science.
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 Indeed, a number of adhesion promoters, or coupling agents, have been successfully 
designed on these principles.150 Coupling agents improve the strength and durability  of an 
adhesive bond.151 Explanation for this behavior includes the ability  of the coupling agent to 
improve the wetting of a substrate by an adhesive, to improve stress transfer between two phases, 
or alternatively, to dissipate stress by deformation, and to exclude moisture or contaminants from 
the interface.150 Coupling agents are typically bifunctional compounds that can bridge the 
interface between a resin and filler. Common classes of coupling agents include organosilanes, 
organotitanates, organozirconates, organophosphates, and organochromates.150,152 The inorganic 
portion of the coupling agent can form covalent bonds with the inorganic oxide of the substrate 
while the organofunctional portion of coupling agent can form covalent or non-covalent bonds 
with the resin (Figure 4.1a–b). Commercially  available coupling agents can feature alkyl halide, 
amine, thiol, epoxide, or vinyl moieties, to list  a few. Polymeric substrates usually require 
surface modification (e.g., plasma treatment) to introduce moieties that will interact with the 
inorganic portion of the coupling agent (Figure 4.1c).150
 In recent years, synthetic DNA base pair mimics have received much attention and have 
been pursued in the context of H-bond mediated molecular recognition, self-assembly, and 
supramolecular polymer chemistry.14,20,46,47,51,153–155 We recently reported the DeUG unit, which 
can be prepared through straight-forward methods, has a synthetic handle for conjugation to 
polymers, surfaces, etc., and forms a highly stable H-bonded complex with the well studied 2,7-
diamidonaphthyridine (DAN) unit  (Kassoc = 108 M–1 in chloroform) (Figure 4.1d).76 The 
DAN·DeUG pair and other designed H-bonded interactions25,26,31,36,63–65,67,70,71,78,156,157 are 
interesting for study because the bonds are of intermediate strength (i.e., approximately  10% that 
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of a C–C bond), can be highly selective, and are reversible. Incorporation of these dynamic 
bonds into material could potentially enable smart materials systems52 that are responsive to 
external stimuli by  means of heat and competition with solvent or exposure to other interacting 
groups.62 In turn, this behavior may be useful in the context of self-healing materials.58,59
 DNA base pair mimics have been used to probe adhesion phenomena and properties 
relevant to the development smart materials. Rotello has studied the interaction of 
diamidopyridine (DAP)-functionalized PS and thymine-functionalized surfaces.158 The rate and 
amount of polymer adsorbed on the surface is dependent upon DAP loading in the polymer. 
Reversible adsorption of polymer films has also been demonstrated, highlighting the dynamic 
behavior possible through use of H-bonding interactions.159,160 Long has conducted similar 
experiments featuring thymine-functionalized PS and adenine-functionalized glass, 
demonstrating reversible adsorption behavior and the dependance of polymer adsorption on the 
surface loading of recognition units.161,162 Rotello has used the selectivity of these base pair 
mimics to achieve spatial control over the self-assembly of nanoparticles and polymer films on 
patterned surfaces.163–167 Craig has reported atomic force microscope (AFM) force-data that are 
consistent with the assembly of molecular bridges via duplex formation between 
oligonucleotide-functionalized surfaces and AFM  probes displaying complementary strands.168 
Vancso has performed similar AFM  experiments with UPy  dimers169 and UPy-based 
supramolecular polymers.170 Long has measured 90° peel strengths for the adhesion of 
polybutylacrylate copolymers, functionalized with Meijer and Sijbesma’s ureidopyrimidine 
(UPy), to glass substrates.171 Although these studies were conducted on bare glass lacking any 
base pair mimic or specific H-bonding interaction, peel strength increased with loading of the 
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recognition unit in the polymer. In related work, Zimmerman has shown that DNA base pair 
mimics (e.g., DAN and ureidoguanosine, or UG) can be used to drive the mixing of PS and 
PBMA, which are otherwise immiscible polymers.79 Similarly, Feldman has shown that 
DAN·UPy interactions can also stabilize polymer blends.81 Recently, Sijbesma has reported 
polyester coatings featuring the UPy unit that functions as a non-covalent cross-linker and allows 
dissipation of stress during curing.116 From the above examples, it  is clear that DNA base pair 
mimics could be useful adhesion promoters because recognition events can occur near the 
interface, can stabilize incompatible phases, and can maintain the reversibility  and selectivity 
necessary to realize material with potentially novel properties.
4.2 Supramolecular Coupling Agents
Although covalent bonds and non-specific secondary interactions have been used to improve 
interfacial interactions in adhesives, coatings, and polymer composites, use of such stable, 
specific, secondary interactions as those found in DNA base pair mimics have yet to be evaluated 
for their performance in macroscopic systems. With the above considerations in mind, we 
reasoned that incorporating such interactions onto surfaces and into resins may  improve the 
interfacial properties of disparate materials. To determine whether the use of specific H-bonding 
interactions can improve interfacial adhesion, we prepared and evaluated a system featuring a 
surface and a resin tailored with recognition units such that the designed H-bonded complex 
could form across the interface (Figure 4.1e). Herein, we report methods for the incorporation of 
H-bonding units into polystyrene and onto glass surfaces, characterization of the resulting 
materials, and evaluation of the properties of this supramolecular adhesive system. Polymer 
functionalization was accomplished via C–H activation and Suzuki-Miyaura coupling.172 The 
49
resin was characterized using SEC, NMR, UV-vis, DSC, and TGA. Glass surfaces were modified 
using a reactive organosilane and were characterized using contact angle measurements, 
ellipsometry, XPS, AFM, and TOF-SIMS. Adhesive properties were measured using lap-shear 
tests. Data are consistent with H-bonding units contributing to the improved shear strength of the 
designed system as compared to an unmodified system. Evaluation of the self-healing properties 
of this system and a comparison of the supramolecular coupling agents versus a conventional 
coupling agent are also reported.
Figure 4.1. Coupling agents for improved interfacial adhesion. Coupling agents featuring a) covalent 
bonds and b) non-covalent interactions. c) Resin modified with polar groups for bonding with the filler. d) 
The DAN·DeUG complex and e) supramolecular coupling agents based on the high-affinity, high-fidelity 
DAN·DeUG pair.
4.3 Estimation of Adhesion Energy and Bond Strength
A very simple estimation of the adhesion energy can be made and is useful in understanding the 
relative contribution each type of covalent or non-covalent interaction could have on adhesion 
and also illustrates the complexity of accurately estimating practical adhesion. We must make a 
number of assumptions about the nature of the interface and the interactions contributing to the 
adhesion energy. First, we assume the interface is perfectly flat and lacks any voids or defects. 
Thus, we assume a true monolayer and that all interactions are stressed at the same time. The 
50
surface loading of interacting groups is a very important parameter for this estimation, however, 
it is a very difficult quantity to determine experimentally. For our purposes, we assume each 
interacting group (e.g., covalent bond, H-bonding interaction, or van der Waals interaction) 
occupies a 5 # 5 Å region of the surface; thus the loading of interacting groups is ~ 3 # 10$5 mol 
m$2. We assume the strength or stability of the interactions do not deviate from measured values 
(i.e., covalent  bonds = 120 kcal mol$1, H-bonding via DAN·DeUG = 11 kcal mol$1, and van der 
Waals interactions = 1 kcal mol$1). The stability  of an H-bonding interaction is dependent on the 
medium; the stability  of these interactions typically decreases in polar and competitive 
environments. We also assume that  each type of interaction dominates the adhesion energy (i.e., 
only covalent bonds, or only H-bonding, or only van der Waals interactions participate in 
adhesion), that there are no stresses in the adhesive, and that there no other mechanisms for the 
dissipation of energy. 
 With the above assumptions in mind, the adhesion energy, A (J m$2), can be estimated 
using the following relationship:
n E c = A.
Where n is the surface loading (mol m$2) of the interacting groups; E is the stability (kcal mol$1) 
of the interaction; and c is a conversion factor equal to 4.187 # 103 J kcal$1. Assuming an area of 
1 m2, and that breaking the adhesive bond requires displacement, d (m), of the interface by 5 Å, 
the adhesion energy can be converted to the force, F (N), required to break the bond:
A d$1 = F.
Again, assuming an area of 1 m2, the force is converted to pressure or strength using the 
conversion factor 1.0 # 106 MPa Pa$1. We also assume the force is constant over the distance, 
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which is a very  crude approximation; recall the Lennard-Jones potential for bonding. Thus, 
adhesive energies based solely upon covalent, H-bonding, or van der Waals interactions were 
calculated and used to estimate the strength of an adhesive joint featuring such bonding 
interactions. Results appear in Table 4.1. The adhesion energies are large compared to surface 
energies measured for organic films and other surfaces,146 and the expected bond strengths are 
orders of magnitude larger than those for known adhesives. For example, structural adhesives 
typically have lap  shear strengths between 10 and 40 MPa.173 Note also that the tensile strength 
of steel is on the order of 200 # 103 MPa. Attempts to estimate adhesion energies and bond 
strengths from first principles often overestimate the strength of a bond.145,174 There are a host of 
explanations for these discrepancies; most are related to the assumptions made above. Significant 
contributions could come from stresses in the adhesive, imperfect coverage, and reduced stability 
of the interaction (or inability of the stable interaction to occur). Qualitatively, covalent bonds 
give adhesion energies and strengths an order of magnitude greater than H-bonding interactions, 
and van der Waals interactions give energies and strengths an order of magnitude smaller than H-
bonds. An order of magnitude change in the loading or interaction stability results in an order of 
magnitude change in the adhesion energy and strength of the bond.
Table 4.1. Estimated adhesion energy and strength of adhesive bonds based on covalent  and non-covalent 
bonds. See text for details.
Interaction A (J m$2) F (N) Strength (MPa)
C$C bond 15 3 # 1010 3 # 104
DAN·DeUG H-bonding 1.4 3 # 109 3 # 103
van der Waals 0.13 3 # 108 3 # 102
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4.4 Synthesis of Supramolecular Polymeric Adhesives
We chose to prepare and study PS graft copolymers featuring the high-affinity  recognition units 
for several reasons. First, the Tg of PS (> 100 °C) is well above room temperature ensuring that 
the adhesive is in a glassy state under mechanical test conditions. Testing below the Tg of the 
adhesive facilitates interpretation of lap-shear data because viscoelastic flow is minimized and 
measured shear strengths better represent the interfacial adhesion of this system.175 PS is a 
hydrophobic polymer lacking polar functional groups (i.e., H-bonding donors or acceptors) along 
the backbone. Thus, involvement of the designed H-bonding interaction in the observed adhesive 
response should be readily  determined in the absence of non-specific interactions. The graft 
architecture allows preparation of multivalent polymer chains and, in principle, allows a wide 
range of functional group loading. Lastly, PS has good solubility in a range of solvents and is 
easily processed and characterized.
 Although graft copolymers featuring DNA base pair mimics (e.g., UG, DAN, UPy, DAP, 
thymine and others) have been reported, most examples rely on copolymerization of monomers 
featuring polar linkages that introduce sites for non-specific H-bonding.158,176–179 Over the course 
of this work, several routes toward graft copolymers featuring quadruple Hydrogen-bonding 
units were evaluated. Polymer functionalization can be accomplished by  several general 
strategies (Figure 4.2). One approach is the direct copolymerization of functional monomers. A 
second approach is post-polymerization modification of a reactive copolymer.180 A third 
approach is the post-polymerization modification of a homopolymer to generate a reactive 
copolymer that can undergo further modification.181 Each of the above approaches were 
evaluated for the preparation of polystyrene graft-copolymers.
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Figure 4.2. General strategies for the preparation of graft  copolymers. a) Direct copolymerization of 
comonomers, b) polymerization of reactive monomers followed by post-polymerization modification, and 
c) post-polymerization functionalization.
 Copolymerization of styrenic monomers 56, 87, and 89 with styrene was accomplished 
via 2,2’-azobis(2-methylpropionitrile) (AIBN) initiated free-radical polymerization in solution 
(Scheme 4.1). Polystyrene graft copolymers featuring DAN 90 or DeUG 91 were soluble in a 
number of solvents (DMSO, DMF, THF, CH2Cl2, CHCl3, PhMe, and PhH) and could be 
conveniently purified by reprecipitation from methanol. Although PS grafted with UPy (92) was 
observed to gel in hydrocarbon-, halogenated-, and etherial solvents, DMF and DMSO solutions 
could be prepared for analysis and purification purposes. Dialysis in DMSO proved effective for 
the purification of 92. The polymers prepared by this route typically had low molecular weight 
(< 100 kDa). This may be because the comonomers were poorly soluble in the polymerization 
medium. Use of polar solvents (e.g., DMSO) led to material with even lower molecular weight. 
In general, direct polymerization of comonomers was not practical because each monomer 
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required a lengthy multi-step  synthesis and each polymerization required some level of 
optimization to obtain material with desirable loading and molecular weight. Thus, other routes 
to graft-copolymers functionalized with DAN, DeUG, and UPy were sought.
 The use of post-polymerization modification with a reactive PS scaffold, polystyrene-co-
maleic anhydride (PS-co-MA), was investigated for incorporation of the H-bonding units into the 
polymer according to Scheme 4.2. Use of this polymer is appealing because the molecular 
weight and loading of the recognition unit can be preselected based on the parent polymer used 
for functionalization. This allows us to prepare a polymer with a molecular weight above the 
chain entanglement molecular weight which is necessary  for good cohesive strength. Assuming 
functionalization of the succinic anhydride moiety  does not lead to side reactions, we can 
systematically  vary polymer molecular weight, loading, and functionality in order to evaluate 
structure property relationships with these polymers. Treatment of PS-co-MA with amine 93 
gave material that was consistent with functionalization by IR and NMR spectroscopy, however 
poor solubility in non-polar solvents hindered the study of this polymer. IR data was consistent 
with amic acid formation and incomplete imidization.182 If this is indeed the case, the polymer 
would be a poor candidate for study  of the contribution of specific H-bonding interaction to 
adhesion in our current design. Carboxylic acids, amides, and potentially unreacted anhydrides in 
the polymer could confound interpretation of lap-shear experiments. Although methods for 
quantitative imidization with these graft-copolymers have been reported, high-temperatures are 
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often required.182 Given the processing conditions and the susceptibility  of the recognition units 
to acid hydrolysis, an alternative functionalization method was pursued.
 To minimize the problems described above with the PS-co-MA approach, a post-
polymerization functionalization strategy was employed.181 Thus, transition metal-catalyzed C–H 
activation of the arene rings of PS172 or polysulfone183 or the alkyl groups of a polyolefin184 in 
the presence of a boron source (e.g., bis(pinacolato)diboron, B2Pin2) affords the corresponding 
boronic ester. The polyboronic ester can then be subjected to various coupling chemistries, or 
other transformations, to prepare the functionalized polymer.172,185 In the context of borylated-
PS, Suzuki-Miyaura cross-coupling135 with a functional aryl bromide forms a C–C bond thereby 
avoiding use of the amide, ester, triazole, or ether linkages typically used in preparation of 
analogous polymers. Polymer molecular weight can be selected by modifying a parent polymer 
having a molecular weight near that of the desired final molecular weight. In principle, 
functionalization does not involve deleterious side reactions and does not appreciably alter the 
molecular weight distribution. Also, the loading of the recognition unit into the polymer can be 
adjusted by varying the borylation conditions. Because the C–H activation step is kinetically 
controlled,186,187 this process likely  allows random incorporation of functionality  along the 
polymer backbone. 
 Post-polymerization modification of PS was evaluated for incorporation of high-affinity 
H-bonding recognition units, such as DAN, into the polymeric adhesive according to Scheme 
4.3. Commercial PS was treated with B2Pin2 in the presence of [IrCl(COD)]2 and 4,4’-di-tert-
butyl-2,2’-dipyridyl (tBubpy) in cyclooctane or tetrahydrofuran following the method of Bae.
172,183 Borylated-polystyrene (PS-BPin) 94 thus obtained gave characterization consistent  with 
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the literature172 and was used for further modification. This process was evaluated under 
different conditions to prepare material having the DAN unit present at different loading (Table 
4.2). The amount of boron in 94 was varied by  adjusting the ratio of B2Pin2 and the iridium 
catalyst to styrene mer units. Reaction of 94 with aryl bromide 47188 in the presence of Pd(PPh3)4 
and K2CO3 in THF/water183 afforded the corresponding DAN-functionalized polystyrene (PS-
DAN) 95 in good yield. The quantity of 47 required for Suzuki-Miyaura coupling was estimated 
under the assumption that borylation proceeds with ~80% efficiency  (i.e., B2Pin2 can deliver 2 
equivalents of HBPin and 80% of the total boron added is incorporated into the polymer).172 1H 
NMR indicated loss of the pinacolate ester, however the resonance for this moiety (1.20 ppm) 
overlaps with the resonance for the methylene/methine groups of the polymer backbone (1.23 
ppm) and could not be used to quantify conversion. The low sensitivity of 11B NMR made this 
technique impractical for monitoring conversion of the boronic ester. ICP-MS analysis of 
polymers 94 and 95 indicated that the cross-coupling step led to an 80% decrease in the amount 
of boron present in 95 relative to 94, however chemical information regarding the residual boron 
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would be more conclusive. The most straightforward method for evaluating the functionalization 
process was to quantify the loading of the DAN unit present in the final polymer (vide infra). 
Functionalization of 94 with other recognition units (e.g., DeUG 87) was unsuccessful; it  was 
found that the DeUG unit inhibited cross-coupling under the general conditions.
 Chemical and physical properties of PS-BPin and PS-DAN were evaluated using 
standard techniques (Table 4.2). The molecular weight  was determined by SEC and the actual 
loading of the DAN unit achieved by  the functionalization process was determined by both 1H 
NMR and UV-vis methods. Comparison of the NMR integration of the aliphatic C–H resonances 
of the amide side chain (0.95 and 0.86 ppm) to the polystyrene aryl C–H resonances (6.4–7.2 
ppm) was used to estimate the mol % loading. As a check on this method, the concentration of 
the DAN chromophore (&max = 347 nm; ' = 30,000 L mol–1) in a given mass of polymer was 
determined by UV-vis and was used to calculate the mol % loading. Where applicable, both 
methods were in agreement for the mol % loading of DAN in PS-DAN. In general, the molecular 
weight of the polymer increased over the functionalization process. Interestingly, the molecular 
weight distribution, as indicated by  the polydispersity  index (PDI), actually decreased upon 
functionalization. This could be explained by fractionation of the polymer during purification by 
precipitation.189,190 Material having higher loading of the DAN unit were prepared (e.g., 10 and 
15 mol %), however these samples had poor solubility in a range of solvents and were difficult to 
characterize. Thermal analysis by DSC indicated that the Tg of each sample is well above room 
temperature. Borylation led to an increase in Tg from 107 °C for PS to 125 °C for 94. 
Functionalization of 94 with DAN increased the Tg to 135 °C for 95. Thermogravimetric analysis 
(TGA) indicated that 95 had an onset temperature for decomposition around 305 °C.
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Table 4.2. Physical properties of functionalized PS.a
PS PS-BPin (94)d PS-DAN (95)
entry Mn (PDI) mol % [IrCl(COD)]2 
vs styrene
mol % B2Pin2 
vs styrene 
Mn (PDI) mol % DAN 
UV-vis (NMR) 
Mn (PDI)
1b 75 (3.1) 0.16 9.8 117 (2.8) 4.5 (4–5) 235 (2.5)
2c 69 (2.0) 0.11 7.1 122 (1.3) 4.5 (5) 73 (1.8)
3c 69 (2.0) 0.08 5.0 111 (1.4) 2.5 (2) 114 (1.3)
4c 69 (2.0) 0.03 2.0 102 (1.5) 0.3 (–) 108 (1.4)
aMn given in kDa. bBorylation performed according to method 1) of Scheme 4.3; SEC performed 
using DMF against  PS standards. cBorylation performed according to method 2) of Scheme 4.3; 
SEC performed using THF against PS standards. dmol % data are for reaction feed ratios.
 The ability of 95 to bind the DeUG unit was assessed using 1H NMR. From the partial 
spectra, the NHs of the DAN unit  overlap with the aryl CHs of the naphthyridine at 8.15 ppm 
(Figure 4.3a–b). Upon addition of DeUG 70, resonances for the DAN NHs shift downfield 
roughly 4 ppm to 12.35 and 11.96 ppm. The DeUG N1(H) and N2(H) shift downfield about  2 
ppm from 11.25 to 13.33 ppm and 9.42 to 11.31 ppm, respectively. The resonance for the 
intramolecularly H-bonded proton of DeUG shifts downfield about 0.5 ppm from 8.96 to 9.48 
ppm (Figure 4.3c–d). These data are in agreement with those collected for the analogous 
complex 70·96 (Figure 4.3e) and previous reports.69,76 Clearly, PS-DAN is capable of forming a
Figure 4.3. Partial 1H NMR (500 MHz, CDCl3) of a) 95, b) 47, c) DeUG 70, d) 95 + 70, and e) 70 + 96.
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stable complex with DeUG in solution.
4.5 Functionalization of Surfaces with Supramolecular Motifs
Glass was chosen as the substrate for this system because glass is well understood to have poor 
interfacial properties with many resins and is commonly used as filler in glass-reinforced 
composites.191,192 Among the many adhesion promoters and coupling agents, organosilanes are 
commonly used with glass substrates and many  solution- and vapor-phase silane deposition 
protocols have been devised.193–196 In general, silanols at the glass surface react spontaneously 
with chlorosilanes or hydrolyzed alkoxysilanes.143,197 Water and acid or base can promote 
hydrolysis of alkoxysilanes and affect the quality of the resulting films. Solution-based methods 
allow oligomerization and polymerization of silanes prior to deposition on the surface. This can 
lead to less uniform surface coverage and can produce weakly bound silane films. Vapor 
techniques have been shown to produce films of uniform mass coverage and may be better suited 
to block unfunctionalized silanols (i.e., minimize non-specific H-bonding), and form robust 
films.198,199 A number of reactive organosilanes have been developed and have been used for 
conjugation of various moieties to glass surfaces.200 (3-aminopropyl)triethoxysilane (APTES) is 
particularly useful because the amine promotes silane deposition and can react  with electrophiles 
to accomplish functionalization of the APTES film.
 Isocyanates are suitable electrophiles for functionalization of APTES films.201 The 
synthesis of isocyanates bearing high-affinity recognition units for surface modification was 
accomplished by treating the appropriate amine precursors with excess 1,6-diisocyanatohexane 
in the presence of pyridine per the method of Keizer.202 Precipitation and washing with organic 
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solvent afforded the corresponding DAN- (46), UPy- (97), DeUG- (73), and MeDeUG- (75) 
isocyanates.
 A process employing vapor deposition of APTES onto glass substrates199 followed by  
treatment with isocyanates 46, 97, 73, and 75 was used for surface functionalization (Scheme 
4.4). Glass and quartz microscope slides and silicon wafers were used as substrates for silane 
deposition. Substrates were carefully cleaned and fully oxidized by immersion in freshly 
prepared piranha solution (i.e., 3:1 v:v H2SO4:H2O2), washed with deionized water, dried, and 
exposed to APTES vapor, at ambient temperature and 0.5–1 torr, for 24 hours. The resulting 
APTES coatings were washed, dried, and treated with a solution of butylisocyanate or 
isocyanates 46, 97, 73, and 75 in the presence of triethylamine in toluene under ultrasonication at 
50–60 °C for 24 hours. The resulting n-butyl urea- (nBu), DAN-, UPy-, DeUG-, and MeDeUG-
functionalized surfaces, 98–102 respectively, were then washed, dried, and used for surface 
analysis or preparation of samples for mechanical testing.
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4.6 Characterization of Supramolecular Adherends by Surface Techniques
Physical properties of the functionalized surfaces were determined by  goniometry, ellipsometry, 
and AFM techniques (Table 4.3). Contact angle, surface energy, and AFM measurements were 
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Table 4.3. Physical properties of modified surfaces.
surface water contact  
anglea,b
ethylene 
glycol contact 
anglea,b
diiodomethane 
contact 
anglea,b
surface energy 
(mJ m–2)a
film thickness 
(nm)c
RMS surface 
roughness 
(nm)c
SiO2 < 10 < 10 35 ± 3 > 200d – 0.12 ± 0.01
APTES 63 ± 1 50 ± 1 42 ± 1 42 2.3 ± 0.1 0.16 ± 0.03
nBu (98) 69 ± 1 52 ± 1 50 ± 1 35 2.9 ± 0.2 0.56 ± 0.04
DAN (99) 67 ± 1 55 ± 1 42 ± 1 42 3.8 ± 0.3 0.76 ± 0.06
UPy (100) 60 ± 1 41 ± 1 43 ± 1 38 2.9 ± 0.1 0.29 ± 0.02
DeUG 
(101)
55 ± 1 32 ± 1 38 ± 1 43 3.8 ± 0.1 0.51 ± 0.05
MeDeUG 
(102)
62 ± 1 – – – 3.4 ± 0.3 0.49 ± 0.04
aAnalyses performed using glass slides. bReported in degrees. cAnalyses performed using an oxidized 
silicon wafer. dref. 204. Error represents one standard deviation.
performed with assistance from undergraduate student Ellen Briggs. Water contact angles 
increased upon functionalization and are consistent with an increase in hydrophobicity as would 
be expected for this modification. Although each surface has a unique contact angle, each wets 
with water to a similar extent. Surface energies were estimated for each sample using water, 
ethylene glycol, and diiodomethane according to the method of van Oss.203 Surface energies 
decrease upon functionalization, indicating 35–43 mJ m–2 for the films versus 200 mJ m–2 for 
bare glass;204 these values are consistent with those measured for thin films of organic polymers.
143,205 As with water contact angles, each functionalized surface has similar properties. 
 Film thickness was measured using single-angle, single-wavelength ellipsometry  of films 
deposited onto oxidized silicon wafers. Films were 2–4 nm thick; functionalization of the APTES 
films led to an increase in thickness by 0.6–1.5 nm. The expected thickness for a uniform 
monolayer, based on a CPK model of the fully extended APTES unit, is on the order of 0.5 nm. 
Thus, the total thickness is consistent with a polymeric coating of APTES and this has been 
observed elsewhere in related processes (e.g., 3 nm thick APTES films by vapor deposition).199 
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Vapor deposition of an analogous monoalkoxysilane, which cannot polymerize, gives a true 
monolayer coverage with a film thickness less than 1 nm.206 
 The quality  and uniformity of films produced by this method were evaluated at  the 
nanoscale by AFM. Surfaces appear to be uniformly coated; tapping-mode images for each 
surface appear in Figure 4.4 and these data were used to measure the root-mean-squared (RMS) 
roughness for each surface. The bare SiO2 substrate and APTES films are relatively  smooth, 
having roughnesses less than 0.2 nm. Although the treatment of APTES films with the 
isocyanates did increase the roughness of the films, all surfaces have an RMS roughness less 
than 1 nm. Because the RMS roughness for each sample is smaller than the film thickness, it is 
likely that these films have uniform mass coverage. Data from preliminary dynamic SIMS 
experiments on APTES films further support this claim (i.e., analysis reveals an even distribution 
of organic C and N fragments in the x-y plane vs sputter time). The combined analyses of these 
surfaces indicates that there is a large change in the properties of the films upon treatment of the 
bare substrate with APTES vapor and that further modification does not significantly alter the 
physical properties of the films.
 Chemical properties of the functionalized surfaces were determined by TOF-SIMS, XPS, 
and UV-vis experiments. Analysis of glass slides by TOF-SIMS revealed an increase in counts 
for organic fragments upon functionalization. This is evident from the detection of fragments at 
or above 55 m/z from surfaces treated with APTES and butylisocyanate.207 Most importantly, 
fragmentation patterns and mass peaks consistent with each deposited heterocyclic isocyanate 
were observed (Figure 4.5). For example, DAN-functionalized surface 99 indicated a fragment 
at 161 m/z, consistent with fragmentation of the parent amidonaphthyridine to 
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Figure 4.4. AC-mode height images of functional surfaces: a) SiO2, b) APTES, c) nBu (98), d) DAN (99), 
e) UPy (100), f) DeUG (101), and g) MeDeUG (102). 
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Figure 4.5. TOF-SIMS analysis of a) bare SiO2 and b) APTES, c) nBu- (98), d) DAN- (99), e) UPy- 
(100), and f) DeUG- (101) functionalized surfaces. Analyses were performed using glass slides.
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diaminonaphthyridine. Similarly, UPy- and DeUG-functionalized surfaces 100 and 101 indicate 
fragments at 126 and 205 m/z, respectively, which are consistent with methylisocytosine and 
deazaguanine groups, originating from the UPy- and DeUG-units. That each surface reveals 
unique fragments suggests that these species do not represent generic organic fragments. 
Analysis of oxidized silicon wafers treated according to the above functionalization conditions 
gave similar results.
 X-ray photoelectron spectroscopy (XPS) analysis was performed to gain additional 
chemical information about each surface and was carried out using functionalized films on 
oxidized silicon wafers. Elemental composition of the films, as well as the expected and 
observed C/N ratios are presented in Table 4.4. In general, C and N content  increases upon 
deposition of the silane film and further increases upon treatment with butylisocyanate and 
isocyanates 98–102. The observed C/N ratios are higher than expected, however this is 
reasonable given some unavoidable hydrocarbon contamination obtained during handling and 
storage. 
Table 4.4. XPS determination of surface composition.a
surface % C % N % O % Si C/N (expected) C/N (observed)
SiO2 11.7 0.0 24.6 63.7 0.0 0.0
APTES 29.1 6.0 20.3 44.6 3.00 4.8
nBu (98) 38.3 7.6 19.4 34.8 4.00 5.0
DAN (99) 27.1 3.9 20.7 48.3 3.86 6.9
UPy (100) 37.7 10.2 18.9 33.2 2.66 3.7
DeUG (101) 44.7 10.8 17.8 26.7 3.42 4.1
MeDeUG 
(102)
27.9 4.7 21.8 45.7 3.57 5.9
aAnalyses performed using an oxidized Si wafer.
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 High-resolution C 1s and N 1s XPS data were collected for each sample and appear in 
Figure 4.6. The N 1s region of the APTES film indicates photoelectrons with binding energies at 
399.1 and 401.0 eV, which are consistent with amine and ammonium environments, respectively. 
The C 1s region for the APTES films indicates photoelectrons with binding energies at 285.0 and 
285.9 eV, which are consistent with saturated- and heteroatom-C environments, respectively. 
These data agree with previous analyses of APTES films on glass, silicon, and E-glass fibers.
199,208 Functionalization of the APTES film with DeUG (surface 101) leads to significant changes 
in the high resolution XPS data. The N 1s region broadens and peak-fitting reveals photoelectron 
peaks at 399.1 and 399.4 eV, which are consistent with urea, and pyridone environments.209,210 
Similarly, the C 1s region broadens and new peaks are observed at 285.0, 286.1, and 288.7 eV 
and are consistent with saturated-, heteroatom-, and carbonyl-C environments.211,212 XPS data for 
APTES films treated with butylisocyanate (surface 98) were collected to model the urea moiety 
linking each recognition module to the surface. Photoelectron peaks were observed at 399.1 and 
401.0 eV in the N 1s region and at  285.0, 286.1, and 288.8 eV in the C 1s region. These binding 
energies are consistent with urea-N environments as well as saturated- and carbonyl-C 
environments, as expected. Data for surface 98 agree well with those collected for surface 101; 
taken together, these data are consistent with covalent surface functionalization. Similar analysis 
of the remaining pyrimidine and purine-functionalized surfaces (e.g., UPy 100 and MeDeUG 
102) provided data that were in agreement with those collected for the surface 101 (Figure 4.7). 
XPS data for the DAN-functionalized surface 99 revealed carbonyl-, heteroatom-, saturated-C, 
and urea-N environments, as expected.
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Figure 4.6. High resolution N 1s and C 1s XPS data for functionalized surfaces a) APTES N 1s, b) 
APTES C 1s, c) DeUG (101) N 1s, d) DeUG (101) C 1s, e) nBu (98) N 1s, and f) nBu (98) C 1s.
 The functionalization process was applied to quartz slides enabling characterization by 
UV-vis spectroscopy. Analysis of the films was accomplished by  placing the modified substrates 
in the optical path of the spectrometer;201 the recorded spectra appear in Figure 4.8. APTES 
films are featureless and, as expected, do not indicate any appreciable absorbance from 250–400 
nm. Surfaces treated with DAN 46 and DeUG 73 produce spectra that agree well with
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Figure 4.7. High resolution N 1s and C 1s XPS data for functionalized surfaces a) UPy (100) N 1s, b) 
UPy (100) C 1s, c) MeDeUG (102) N 1s, d) MeDeUG (102) C 1s, e) DAN (99) N 1s, and f) DAN (99) C 
1s.
observations made using the analogous compounds 70 and 96 in solution. For example, 
compound 96 in solution has a &max at 346 nm while surface 100 has a &max of 351 nm. Similarly, 
compound 70 in solution has a &max at 271 nm while surface 102 has a &max between 270–290 nm. 
These measurements confirm that the recognition unit remains intact throughout the 
functionalization process. Repeated washing of the modified substrates does not lead to any 
69
perceptible change in the measured absorbance intensity as would be expected for covalent 
surface attachment. Attempts at qualitative binding experiments, by analogy to NMR 
experiments described above for 95 with 70 in solution, did not reveal the distinct UV-vis 
signature of the DAN·DeUG heterocomplex in the thin films. However, this result  does not 
preclude binding because the absorbance of each species overlaps significantly with one another; 
the complex could be formed but simply at too low of a concentration to give a measurable 
signal.
Figure 4.8. UV-vis analysis of a) DAN- and DeUG-functionalized films 99 and 101, and b) DAN 96  and 
DeUG 70 in CHCl3 solution.
4.7 Mechanical Testing of Supramolecular Coupling Agents
Lap-shear tests were performed to evaluate the adhesive properties of each experimental system.
213,214 In general, 10 µL of a 10 mg mL–1 solution of the polymeric adhesive (i.e., 95 (4.5 mol % 
DAN) or commercial PS), dissolved in CH2Cl2, was injected onto a functionalized slide (i.e., 98–
102, Figure 4.9a), this slide was mated with a second slide, clamped in place, and cured at 
ambient temperature for 72 hours. Samples were then sheared at 1 mm min–1 under ambient 
conditions. The goal of these tests was to determine whether the designed supramolecular 
interaction contributes to the observed adhesive properties; results appear in Figure 4.9b. Lap-
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shear test  samples were prepared such that each functionalized surface was set with either 
unmodified PS or 95. Lap-shear data indicate that samples set with PS gave shear-strengths 
between 0.06–0.2 MPa, regardless of the surface functionality. Samples of bare substrate (i.e., 
SiO2) set with either PS or 95 failed upon mounting in the mechanical test apparatus. Use of 95 
with the functional surfaces introduces the possibility  of specific non-covalent interactions 
between DAN in the polymer and DNA base pair mimics on the surface. As can be seen from the 
data, the observed shear strengths range between 0.12–0.57 MPa, depending on the surface 
functionality. Visual inspection indicated that the samples set with PS underwent mixed 
adhesive-cohesive failure, and samples set  with 95 underwent primarily cohesive failure. This 
analysis requires experiments at the micro- and nanoscale to conclude the actual failure mode.
Figure 4.9. a) Surfaces used in lap shear tests. Lap-shear testing of b) virgin lap-joints set  with 95 (4.5 
mol % DAN), PS, or PS-co-MA and c) samples set with 95 (2.5 mol % DAN) or PS. All samples set with 
10 µL of 10 mg mL–1 polymer in CH2Cl2. Error bars represent the standard error of the mean.
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 Because each of the functional surfaces features a urea moiety linking the recognition 
unit to the surface, nBu-urea tailored surfaces 98 were evaluated as a control. Samples of 98 set 
with polymer 95 gave shear strengths of 0.28 MPa. In this system, under these conditions, and 
taking the contribution of the urea linkage into account, the shear strength appears to increase 
with the stability of the potential H-bonding interaction. For example, the binding interaction of 
various ureas with the DAN module has been measured to be 10–103 M–1,71 whereas the binding 
constant for the interaction between DAN in the polymer and a model of the DAN unit attached 
to the surface, compound 45, has been measured to be < 100 M–1 (Figure 4.10a). The interaction 
between DAN·UPy and DAN·DeUG are above 106 M–1.28,76 Surfaces prepared with the DAN 
unit indicate a shear strength of 0.36 MPa although samples with UPy or DeUG units indicate 
shear strengths of 0.52 and 0.57 MPa, respectively. Thus, observed shear strengths increase 
qualitatively with binding constant for the given interaction. It was also observed that the 
solution of 95 applied as the adhesive wet each substrate to a similar extent, regardless of the 
surface functionality (Table 4.5). This suggests that for these surfaces there is no correlation 
between wetting and shear strength unlike the results reported by Levine215 and Barbarisi.216 
Furthermore, when lap-shear samples were set with PS-DAN having less than 2.5 mol % loading 
of the recognition unit, a similar relationship  between shear strength and binding constant for the 
designed interaction was not evident (Figure 4.9c).
 The above observations support  a connection between the supramolecular interaction and 
the observed adhesive properties. A possible explanation for this behavior could be that H-
bonding mediated self-assembly promotes the diffusion of 95 into the film, thereby  improving 
the penetration of 95 into the APTES film, resulting in increased bond strength relative to 
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Figure 4.10. Binding data from 1H NMR titrations performed to determine Kassoc of naphthyridine 47 with 
control compounds a) 45 and b) 71.
Table 4.5. Wetting of functionalized surfaces with the polymeric adhesive.a
APTES nBu (98) DAN (99) UPy (100) DeUG (101)
contact angle (°) 46 ± 3 50 ± 3 49 ± 3 56 ± 3 60 ± 3
aAnalysis performed using 10 mg mL–1 of 95 in CH2Cl2 injected onto glass 
slides, error represents one standard deviation.
samples set with unfunctionalized PS. Alternatively, interactions between 95 and recognition 
units on the surface could lead to a tightly bound film of 95 that is then penetrated by  additional 
polymer as the sample cures.
 Further evidence for the participation of the designed H-bonding interaction in the 
adhesive response was obtained by comparing surfaces featuring the DeUG unit against surfaces 
prepared with the N1(Me)-DeUG analogue. When MeDeUG surfaces 102 were set with PS, a 
shear strength of 0.31 ± 0.02 MPa was observed. However, when samples of 102 were prepared 
with PS-DAN 95, a shear strength of 0.28 ± 0.03 MPa was measured. The association constant 
for N1(Me)-DeUG 71 and DAN 96 is < 100 M–1 (Figure 4.10b) whereas the association 
constant for DeUG·DAN is 108 M–1.76 That surfaces prepared with the blocked heterocycle do 
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not indicate improved shear strength versus PS is consistent with participation of the specific 
recognition event in the formation of the adhesive bond.
 Additional experiments were performed to compare the performance of this system 
against a conventional adhesion promoter, polystyrene-co-maleic anhydride (PS-co-MA, Mw = 
224 kDa, Tg = 120 °C, 7–8 mol % anhydride).217,218 PS-co-MA features anhydride moieties along 
the polymer backbone and is capable of forming covalent bonds with the APTES coating. Lap-
shear samples pairing the APTES surface with PS-co-MA were prepared and cured under the 
same conditions as used with the supramolecular agents (i.e., ambient temperature, 72 hours). An 
additional set was prepared and cured under nitrogen at 150 °C for 12 hours. These conditions 
are in agreement with cure cycles used for various adhesive and composite formulations where 
PS-co-MA is used as an adhesion promoter.219 Results from lap-shear tests on these samples 
appear in Figure 4.9a. Samples prepared with PS-co-MA and cured at ambient conditions 
indicated a shear strength of 0.19 MPa, while samples cured at 150 °C indicated shear strengths 
of 0.63 MPa. Therefore, in the case of PS-co-MA cured at ambient temperature, there is no 
improvement in shear strength relative to PS. Samples cured at elevated temperature indicated 
improved shear strength, however this improvement was comparable to samples of the DeUG 
surface 101 set with 95 and cured at ambient temperature. This behavior is potentially useful 
because the supramolecular system could enable strong bonding of two materials under mild 
conditions.
 The ability of the supramolecular coupling agents to recover mechanical strength after 
failure was assessed by  preparing virgin samples, loading to failure, resetting these samples with 
either fresh polymer solution or only CH2Cl2, curing, and loading to failure a second time. 
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Results of these tests appear in Figure 4.11. Samples reset with fresh PS recovered virgin shear 
strength as did samples of surface 98 reset with polymer 95. The DAN-, UPy-, and DeUG- 
tailored surfaces 99–101 reset with fresh 95 indicated 70–75% recovery of virgin shear strength 
(Figure 4.11a). Although the recovery efficiency is smaller than that  for unmodified PS, samples 
featuring the designed interaction have shear strengths that are 2.5–5 times greater than the 
controls.
Figure 4.11. Lap-shear testing of a) failed samples cleaned and reset  with fresh polymer solution, and b) 
failed samples of surface 101 reset  with only CH2Cl2. All samples were cured according to the normal 
cure cycle prior to testing. Error bars represent the standard error of the mean.
 To further explore the self-mending properties of this system, samples tailored with the 
DeUG unit were subjected to several set-cure-test cycles where samples were reset without 
adding fresh polymer (Figure 4.11b). Samples that were set with PS, failed, reset with solvent 
alone, cured and retested, recovered 65% of the virgin shear strength. When samples set with 95 
were subjected to this cycle, a 55% recovery of virgin shear strength was observed. Although the 
recovery efficiency was smaller than that for controls, the samples could be failed and reset two 
additional times before the shear strength had decreased to a level comparable to that of samples 
set with unmodified polymer. Furthermore, the set-cure cycle does not  require elevated 
temperature, unlike other reports of reversible adhesives.220 These data could be explained by an 
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inability of the base pair mimics to reform the specific complex; this in turn could be due to 
contamination or damage to the interface upon failure. Preliminary TOF-SIMS experiments 
support the latter. Lap shear samples set with PS-co-MA on APTES indicated much lower 
healing efficiency, however a quantitative comparison of the self-mending properties of the 
supramolecular coupling agents to these samples could not be made because the majority of the 
reset samples featuring PS-co-MA failed upon mounting in the test  apparatus and reliable data 
could not be obtained.
4.8 Application of Supramolecular Coupling Agents to Fiber-Reinforced Composites
With the Sottos research group at UIUC, we have been collaboratively  pursuing experiments 
designed to evaluate the performance of these supramolecular coupling agents in glass-fiber 
reinforced composites. Given the results from lap shear tests discussed above, we expect that the 
supramolecular agents would perform similarly  when used with E-glass fibers. Self-mending 
behavior may improve with these samples as single-fiber-pull tests may minimize contamination 
relative to lap-shear experiments. To date, glass fibers have been functionalized with each of the 
recognition units by simply treating E-glass fibers, that have been washed with toluene, with the 
isocyanates as described above. SIMS analysis indicates that the fibers have been successfully 
functionalized. At this point, the largest obstacle appears to be imbedding the fiber into the resin 
to prepare samples for analysis. Various concentrations of the polymer in various solvents have 
been tested; concentrated solutions of the polymer in ethyl phenyl acetate appear to give 
acceptable viscosity and working life. One potential drawback, that remains to be verified, is that 
use of the polar solvent  may inhibit complex formation at the interface and cause the samples to 
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perform differently  than when set using methylene chloride. This inhibition may arise from 
competing H-bonding with solvent, or an unfavorable polymer chain conformation.
4.9 Conclusions
A first step in the development of supramolecular coupling agents for improved interfacial 
adhesion in thermoplastic polymer composites has been taken. Synthesis of polystyrene 
copolymers and surfaces functionalized with the complementary DNA base pair mimics, DAN 
and DeUG, has been accomplished via C–H borylation/Suzuki-Miyaura coupling and use of 
conventional organosilane chemistry. Surface analysis by ellipsometry, XPS, and AFM indicate 
that the surfaces likely consist of polymeric films and have uniform thickness. Analysis by TOF-
SIMS, XPS, and UV-vis indicates that surfaces display the expected H-bonding motifs. Lap-
shear experiments are consistent with supramolecular interactions playing some role in improved 
interfacial properties between glass and thermoplastics. Data also suggest that stable 
supramolecular interactions can be used, under mild conditions, to prepare bonds of comparable 
strength to conventional adhesion promoters. Future work aims to improve the recovery  of initial 
shear strength and explore stimuli-responsive behavior. 
 More specifically, one could explore low Tg polymers functionalized with the recognition 
unit. Use of such polymers may improve mobility of the recognition unit near the interface and 
allow an optimum binding geometry. Alternatively, if the adhesive response in this system 
originates from diffusion of the resin into a rapidly formed, tightly  bound film of 95, several 
experiments could be designed to test this hypothesis. First, polymers displaying recognition 
units at different locations on the polymer chain may be better, or worse, suited for forming a 
tightly bound film (i.e., monofunctional or end functionalized polymer vs graft architectures). 
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Also, the distance between recognition units in the polymer may be a factor. If so, this could be 
tested by preparing ABA triblock copolymers which feature blocks functionalized with the 
recognition unit. Variation of the size of the unfunctionalized block may lead to observable 
differences in behavior if the formation of tightly bound loops are important to the adhesive 
response. Ellipsometry  could measure film thickness, quartz-crystal microbalance experiments 
could follow adsorption rates, and dynamic SIMS experiments could probe the structure of the 
film with respect to chemical composition.
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CHAPTER 5
TOWARD A LIGHT-DRIVEN, STIMULUS-RESPONSIVE QUADRUPLE HYDROGEN 
BONDING MODULE
5.1 Organic Photochromes and Stimuli-Responsive Molecular Recognition
Recently, interest in reversibly modulating the stability (Kassoc) of H-bonded complexes via 
photo- and electrochemical means has grown with the aim of controlling self-assembly and 
developing stimuli-responsive materials.153,221–224 Photoresponsive systems are particularly 
appealing because light can serve as a non-invasive stimulus and a number of reversible 
photoreactions have been well studied.225,226 Although a number of systems have been reported 
wherein the mode of self-assembly is influenced by a photochemical reaction,223,227 few 
examples of reversible, “photo-switchable” molecular recognition of neutral molecules have 
been disclosed.228–231 Presumably, this is because of synthetic challenges involved with 
combining existing recognition motifs and robust photoresponsive moieties in a manner such that 
distinct (i.e., “on” and “off”) states can be generated.
 A number of reversible photochemical processes have been exploited in the context of 
controlled self-assembly.227 Photochromes such as azobenzene, stilbene, anthracene, and 
coumarin have several useful properties that make them appealing candidates for study. With 
respect to azobenzene, a number of synthetic methods are available to prepare dyes with a wide 
range of functionality.232 Azobenzene dyes participate in few side reactions and some dyes have 
been shown to undergo 106 trans-cis photoisomerization events without significant 
photobleaching. Trans-cis isomerization changes the distance between the 4- and 4’- atoms of 
azobenzene by nearly 0.5 nm.233 This pronounced geometry  change has led to the widespread use 
of azobenzene in applications ranging from molecular machines,234 catalysts,235 and responsive 
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polymers.236 The trans-isomer is thermodynamically more stable than the cis- and the cis-
photostationary  state will revert thermally  to the trans-, thus providing a challenge for 
developing a true two-state system. Several strategies have been investigated to overcome this 
complication.237 For example, bulky substituents on the phenyl rings have been shown to slow 
thermal reversion, as does placing the dye in a macrocycle. Also successful in stabilizing the cis-
isomer is use of intramolecular H-bonding or metal coordination. That azobenzene can convert 
light into a pronounced shape change makes it a useful molecular transducer.
 Of particular interest  to the work described herein is an azobenzene-functionalized imide 
receptor investigated by Rotello228 and a photo-responsive Hamilton-type receptor studied by 
Tucker.229,230 In the former case, azobenzene cis-trans isomerization was used to effect photo-
switching (Figure 5.1). 1H NMR binding studies revealed a Kassoc of 9750 M–1 for the trans-
isomer of 103 with napthalene diimide. Upon generation of the cis- photostationary  state (PSS), a 
Kassoc of 575 M–1 is measured for this system. Presumably, isomerization removes the favorable 
!-stacking interaction and leads to a nearly two-fold decrease in Kassoc.
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Figure 5.1. Rotello and coworkers’ photo-responsive naphthalene diimide receptor 103.
 An alternate approach to modulating the Kassoc, developed by Tucker,229,230 made use of 
intramolecular anthracene dimerization to induce a large change in the steric environment near 
the binding site. In this example (Figure 5.2), barbital 104 binds strongly to the open form of 
receptor 105 via six H-bonds (Kassoc = 3.8 # 104 M–1), however upon dimerization of the pendant 
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anthracene units via a 4! + 4! photocycloaddition, this interaction is inhibited, giving a Kassoc of 
38 M–1. Thermal retrocycloaddition regenerates the open form and strong binding is restored. 
Tucker has demonstrated the reversibility  of the system by conducting up to five cycloaddition-
retrocycloaddition cycles without significant decrease in performance.230 Furthermore, it  was 
determined that the length of the alkyl chain linking the receptor and anthracene has considerable 
impact on the difference between Kassoc measured for the open and closed forms. It was 
hypothesized that short linkers held the steric bulk of the anthracene dimer near the receptor 
thereby crowding the binding site and reducing the binding constant. On the other hand, longer 
linkers could allow the cleft to accommodate both barbital and the bulk of the anthracene dimer.
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Figure 5.2. Tucker and coworkers’ photoresponsive Hamilton-type receptor 105.
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 Very  recently, Hecht reported modulation of binding via perturbation of the pKa of a 
triple H-bonding unit (Figure 5.3).231 Coupling of a maleimide unit to a diarylethene 
photochrome, as in compound 106, allows photoswitching between an open form and a closed 
form with extended conjugation. Ring closure brings both arms of the !-system into plane and 
this enhances conjugation. The extended conjugation of the closed form reduces the electron 
density  at the maleimide NH, reducing the pKa of this proton, thereby  rendering the maleimide a 
better H-bond donor relative to the open form of the photochrome. This is reflected by the nearly 
doubling of the association constant for the closed form of 106 with melamine 107 versus the 
open form of 106 (Kassoc = 320 vs 140 M$1). The system could be switched between “on” and 
“off” states repeatedly without significant photobleaching. That the change in electron density 
associated with photocyclization is responsible for the change in complex stability was supported 
by cyclic voltammetry experiments. The closed, electron poor form had a lower reduction 
potential relative to the open form (i.e., $1.25 V closed vs $1.50 V open).
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Figure 5.3. A photoswitchable maleimide-melamine system. Modulation of the pKa of the maleimide 
allows tuning of the binding constant.
 Few systems have shown reversible, photochemical modulation of Kassoc with neutral 
molecules and to the best of our knowledge, none have been reported involving the DAN 
module. The aim of this work is to develop  photoswitchable DAN analogues useful for 
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supramolecular chemistry. Although several approaches to modulating the Kassoc of H-bonded 
systems have been demonstrated by others, we believe the combined action of several general 
strategies will be more effective at achieving distinct “on” and “off” states. Specifically, we are 
investigating a combined change in steric hindrance with a change in the H-bonding recognition 
pattern to modulate Kassoc among various heterocomplexes with complementary H-bonding units 
(e.g., DeUG). In this case, an organic photochrome directs the folding and unfolding of a 
bisureidonaphthyridine (vide infra). The unfolded conformation exposes the naphthyridine core 
for binding while the folded conformation alters the recognition pattern and introduces steric 
bulk to the “masked” binding site.
5.2 Bisureidonaphthyridine as a Responsive Recognition Motif
Bisureidonaphthyridine has been investigated with interest in mimicking the dynamic behavior 
of peptides which are known to interchange between helical and #-sheet conformations. 
Zimmerman68,238 and Li,70 have explored both the ability  of bisureidonaphthyridine 108 to 
respond to stimuli in solution and the stability  of heterocomplexes formed with complementary 
H-bonding modules (Figure 5.4). It is understood that bisureidonaphthyridine adopts a folded 
conformation in both the solid- and solution-state, however in the presence of complementary H-
bonding modules, bisureidonaphthyridine unfolds allowing complexation. The heterocomplex 
formed between 108 and bisnaphthyridinyl urea via six H-bonds (DDAADD/AADDAA) is 
stable in chloroform (Kassoc = 5 # 105 M–1). Li reported 1H NMR data consistent with formation 
of a heterocomplex between 108 and UPy. Although quantitative binding data for 
bisureidonaphthyridine and any quadruple H-bonding module have not  appeared in the literature, 
it is proposed that formation of bifurcated H-bonds between the carbonyl oxygen atoms of UPy 
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may contribute to heterocomplex stability. Because bisureidonaphthyridine can present two 
distinct H-bonding motifs, and has been qualitatively shown to form stable heterocomplexes with 
complementary  H-bonding modules, it  serves as a worthwhile starting point for development of a 
photo- or chemoresponsive H-bonding module. The following chapter describes effort toward a 
photochemically triggered, bisureidonaphthyridine-based conformational switch and binding 
data for various analogues.
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Figure 5.4. Conformational equilibrium of bisureidonaphthyridine 108. Unfolding can be induced by 
quadruple H-bonding modules (i.e., UPy, and presumably others).
 One challenging aspect of this problem is coupling a reversible photochemical reaction to 
the large geometry  change associated with the folding of bisureidonaphthyridine. Two 
approaches were considered. We reasoned that a macrocyclic bisureidonaphthyridine featuring 
azobenzene or stilbene might effect control over the position of the conformational equilibrium. 
By joining such moieties with bisureidonaphthyridine in macrocycle 109, it is anticipated that the 
large geometry  change induced by cis-trans isomerization would be communicated to the 
bisureidonaphthyridine and could, in turn, lead to a conformational preference depending on the 
double-bond geometry  (Figure 5.5). Intramolecular H-bonds formed in the folded conformation 
109 are anticipated to stabilize the photochemically generated cis-isomer and enhance the 
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persistence of the folded conformation. Geometric constraints imposed by the cis-isomer are also 
anticipated to inhibit heterocomplexation with complementary  H-bonding modules by 
disfavoring the unfolding process. Thermal or photochemically  induced isomerization to the 
trans-isomer is anticipated to favor an unfolded conformation and allow formation of a stable 
heterocomplex with complementary H-bonding units. If the trans-isomer forces the macrocycle 
into an unfolded conformation, it is conceivable that a heterocomplex of higher stability relative 
to an acyclic bisureidonaphthyridine may be formed. The rationale being that the isomerization 
event “pays” the energetic cost of unfolding the ureas, effectively preorganizing the system for 
binding.
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Figure 5.5. Proposed isomerization-driven macrocyclic bisureidonaphthyridine 109. a) The unfolded 
conformation of 109 is capable of heterocomplexation with complementary H-bonding modules (i.e., 
DeUG 59) and b) the folded conformation of 109 is incapable of heterocomplexation.
 Alternately, we reasoned that an intramolecular photodimerization reaction could be 
employed to switch between an acyclic and cyclic bisureidonaphthyridine (Figure 5.6). This 
could be accomplished via dimerization of coumarin 110. Bisureidonaphthyridine in the acyclic 
form would presumably adopt a folded conformation yet be capable of unfolding thereby 
allowing heterocomplexation. Photodimerization locks the cyclic form in a folded conformation 
and renders it otherwise incapable of heterocomplexation. One potential drawback to this 
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approach is that photodimerization reactions may have to be conducted at low concentrations to 
avoid intermolecular dimerization or polymerization.
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Figure 5.6. Proposed intramolecular dimerization-based photoswitch 110. a) The acyclic form of 110 is 
capable of heterocomplexation with complementary H-bonding modules (i.e., DeUG 59) and b) the cyclic 
form of 110 is incapable of heterocomplexation.
5.3 Synthetic Efforts Toward a Photoresponsive Bisureidonaphthyridine
Previous work has relied on the reaction of diaminonaphthyridine 17 with alkyl- or aryl-
isocyanates to prepare the corresponding bisureidonaphthyridines. Although a number of 
isocyanates are commercially available and novel isocyanates can be prepared via the Curtius 
rearrangement,239,240 it  was determined that available and accessible isocyanates were not 
suitable for the designed macrocycle, and alternative urea forming reactions were considered. 
1,1’-Carbonyldiimidazole (CDI) has proven an effective acylating reagent in a number of 
transformations generating carbamates and amides241 and has been employed in the activation of 
heterocycles for preparation of heteroaryl-ureas.202,242 Development of a CDI activation protocol 
for 17 offers the possibility of a modular strategy  whereby various linkers could be coupled to 
the activated naphthyridine core yielding diverse bisureidonaphthyridines.
 CDI activation of 17 was accomplished with an excess of CDI (10 equivalents) in 
refluxing CHCl3 in the presence of imidazole (Scheme 5.1). Trituration with THF and 1,4-
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dioxane afforded bisimidazolide 111 in > 60% yield and of acceptable purity to carry forward. 
Reactions attempted with fewer equivalents of CDI did not proceed to completion. Imidazole 
was added to scavenge residual acid from previous steps in the naphthyridine synthesis.86 
Although not confirmed, it is conceivable that excess imidazole would push the imidazolide-
isocyanate equilibrium toward imidazolide thereby minimizing side reactions with the isocyanate 
(e.g., decomposition to the amine). The bis-imidazolide, if stored dry at reduced temperature 
appears to be indefinitely stable (> 12 months). A series of test reactions indicate that 111 is 
competent at forming ureas with primary  alkylamines. For example, heating 111 and 2-
ethylhexylamine in CHCl3 afforded the corresponding bisureidonaphthyridine 112. 
Characterization and yield were consistent with product obtained via 2-ethylhexyl isocyanate and 
17. Further investigations revealed that 111 could react with primary, neopentyl amino-alcohols, 
such as 2-(aminomethyl)-2-butylhexan-1-ol 113,243 at ambient and elevated temperature in 
CHCl3 to give diol 114 without indication of carbamate products. This methodology offers 
access to bisureidonaphthyridines having solubilizing groups and synthetic handles for 
elaboration.
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 Although bisureidonaphthyridine 108 has been well studied (vide supra) its preparation is 
somewhat lengthy  and offers no synthetic handle for further elaboration. Therefore, a readily 
prepared, yet  soluble derivative was sought for study. Given the mild conditions for bisurea 
formation described above, a macrocyclization strategy based on bisurea formation was 
87
considered possible. This approach can take advantage of symmetry  and once one urea has 
formed, a high effective molarity  could lead to rapid ring closure via formation of the second 
urea. Initial routes to the target  based on a three methylene linker were devised (Scheme 5.2). 
Condensation of N-Boc-protected 2-(aminomethyl)-2-butylhexan-1-ol 115 with diacid chloride 
116244 followed by trifluoroacetic acid (TFA) mediated deprotection of dye 117 gave the 
corresponding diamine 118 in 68% overall yield starting from 2-(aminomethyl)-2-butylhexan-1-
ol.243 Macrocyclization was attempted by heating a 10–3 M  solution of 111 and 118 in chloroform 
for several days and by slow addition of 118 to 111 (and vice versa). ESI-MS analysis of the 
crude reactions at  24 hours intervals indicated mixtures of starting material and a species with a 
mass consistent with macrocycle 119 or the uncyclized product. As time progressed, the product 
intensity increased relative to starting material. Chromatographic purification of the reaction 
mixtures gave samples with ambiguous 1H NMR spectra. Qualitative binding experiments with 
DeUG 59 were inconclusive. Samples submitted for structural analysis by X-ray diffraction 
(XRD) gave no diffraction.
 Preparation of the coumarin-based photoswitch has been pursued jointly with 
undergraduate student Eric Novitsky (Scheme 5.3). Mitsunobu etherification of umbelliferone
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with N-Boc protected aminopentanol 120245 in THF followed by TFA mediated deprotection 
gave amine 121 in 85% yield. Treating the bisimidazolide 111 with 121 under the standard 
conditions gave bisureidonaphthyridine 122 in 30% yield. The compound has poor solubility  in 
chloroform and DMSO, and byproducts from the Mitsunobu reaction are difficult  to remove. 
Preliminary  photochemical experiments are being performed on the crude material while a more 
soluble derivative is being prepared.
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5.4 Conformational and Binding Properties of Bisureidonaphthyridine
As with previous bisureidonaphthyridine derivatives, 112 adopts a folded conformation in non-
polar solvent. 1H NMR dilution studies of 112 indicate a downfield chemical shift for NH1 that 
does not change upon dilution from 1 mM  to 35 µM in CDCl3 (Figure 5.7a). Resonances 
assigned to NH2 and CH3, however, shift approximately  1 and 0.1 ppm upfield, respectively. 
That the chemical shift of NH1 dos not change upon dilution suggests participation in an 
intramolecular H-bond. The upfield change in chemical shifts observed for NH2 and CH3 is 
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Figure 5.7. Chemical shift data for a) dilution of 112 (1.1 mM–34 µM) and b) titration of DMSO-d6 (0–
100%) into 1 mM 112 (500 MHz, CDCl3, 25 °C). Lines serve to guide the eye. Assignments were 
facilitated by GCOSY experiments.
consistent with dissociation of a weakly self-associating species.238 Both observations are 
consistent with a folded conformation.
 To further probe the solution-state conformational preference, competitive solvent (e.g. 
DMSO-d6) was titrated into a 1 mM solution of 112 (Figure 5.7b). The chemical shift of NH1 
changes ca. 0.4 ppm upfield while NH2 changes 1.7 ppm downfield as DMSO-d6 content  is 
increased from 0–100%. Discrimination of the change in chemical shift associated with a 
conformational change from that arising from a bulk solvent effect was facilitated by NOESY. 
Because the maximum achievable concentration of 112 in DMSO-d6 is too low to be practical for 
analysis, 4-methyl-2-pyridyl butyl urea was studied as a model for bisureidonaphthyridine. 1H 
NMR of 4-methyl-2-pyridyl butyl urea and 112 at similar concentration in similar media 
indicated similar chemical shifts for the urea and aryl protons of both compounds. NOESY of 4-
methyl-2-pyridyl butyl urea in CDCl3 revealed a contact between NH2 and CH3, consistent with 
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a folded conformation. Experiments in 90% DMSO-d6/CDCl3, however, indicated contacts 
between NH1 and CH3 in addition to NH1 and NH2. The presence of both the NH1-NH2 and NH1-
CH3 contacts in highly  competitive solvent suggests the urea adopts the unfolded, anti-
conformation. Because the analogous protons on both compounds exhibit similar chemical shifts 
in 90% DMSO-d6/CDCl3, it is likely that both compounds are unfolded. In light of these data, it 
is likely that 112 adopts an unfolded conformation in competitive solvent.
 Complementary H-bonding modules such as DeUG can similarly induce unfolding of 112 
(Figure 5.8a). 1H NMR of 1:1 mixtures of 112 and 59 in CDCl3 are consistent with unfolding of 
112 and formation of a stable heterocomplex (Figure 5.9). Upon mixing, the 112 NH1 resonance 
shifts 3.9 ppm upfield from 9.6 to 5.8 ppm while the NH2 resonance shifts 3.4 ppm downfield 
from 7.7 to 11.1 ppm. The pronounced upfield change in chemical shift observed of NH1 
suggests that this resonance no longer participates in an H-bond while the downfield change in 
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Figure 5.8. a) Reorganization and binding of 112 with DeUG 59. b) Binding of DAN 96 with DeUG 59.
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Figure 5.9. Partial 1H NMR (500 MHz, CDCl3, 40 °C) spectra of a) 1 mM 112, b) 5 mM 59, c) 5 mM 1:1 
112·59, and d) 1:1 96·59  at 25 °C. Assignments were facilitated by GCOSY experiments. Key: ( ) = 112 
NH1; ( ) = 112 NH2; (  ) = 59 NH1; (  ) = 59 NH2; (  ) = 59 NH3.
chemical shift observed of NH2 suggests participation in an H-bond. Both are consistent with an 
unfolded conformation. Chemical shift changes for the DeUG NHs are similar to those observed 
in the analogous DeUG·DAN heterocomplex.76 Numerous attempts to characterize the solid-state 
structure of a possible heterocomplex via XRD have been unsuccessful.
 Few binding data for bisureidonaphthyridine have been reported and most  examples 
involve complementary modules featuring strong self-association or those requiring 
conformational or tautomeric changes prior to binding. These properties inevitably  limit the 
stability  and fidelity  of the resulting complexes. However, use of DeUG can minimize these 
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complications because it is preorganized for binding DAAD motifs and weakly  self-associates. 
Thus, one would expect  the 112·DeUG system to form a stable complex and, to a first 
approximation, factors influencing stability of the heterocomplex can be partitioned between the 
conformational change induced in 112 and binding with the complement.
 Isothermal Titration Calorimetry (ITC), UV-vis spectroscopy and 1H NMR were 
employed to measure the Kassoc of the 112·59 complex. ITC performed in CHC3 indicated a Kassoc 
of (6.7 ± 2) # 106 M–1. However, inspection of the integrated data reveals that injections early in 
the titration become progressively exothermic and contribute to a poor fit  (Figure 5.10a). 
Possible explanations are significant endothermic processes such as unfolding of 
bisureidonaphthyridine and dissociation of the DeUG dimer.76 Performing the titration in 5% 
DMSO/CHCl3 should suppress the self-association of DeUG. Indeed, ITC data collected in a 
more competitive solvent did not exhibit attenuation and indicated Kassoc = 720 M–1 (Figure 
5.10b). UV-vis titrations performed in 5% DMSO/CHCl3 revealed a Kassoc of 800 M–1, which is 
in good agreement with ITC. Characterization of the binding of 112·59 in 5% DMSO-d6/CDCl3 
by 1H NMR at 25 °C proved unreliable as the change in chemical shift  of both NH resonances 
would trend upfield and downfield over the course of the titration. Furthermore, the aryl CHs 
were broad or indicated no apparent change in chemical shift. It is likely  that at 25 °C, the host-
guest exchange occurs at the NMR timescale.
 Evaluation of a complex featuring the same core DAAD/ADDA interaction present  in 
112·59 without the complication of folding allows reasonable estimation of the cost of this 
process. The DAN·DeUG (96·59) system was considered for the purpose of this comparison as it 
features the DAAD/ADDA motif and does not undergo reorganization upon complexation
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Figure 5.10. ITC results for 112·59 at 25 °C in a) CHCl3, 616 µM 112 (guest), 65 µM 59 (host); and b) 
5% DMSO/CHCl3, 70 mM 59 (guest), and 5.6 mM 112 (host). The curve represents fit to a one-site 
model.
(Figure 5.8b). As stated previously, NMR binding experiments performed at 25 °C give data that 
cannot be treated according to a 1:1 binding isotherm assuming fast-exchange kinetics. Reducing 
the temperature at which the experiment was performed did not improve the outcome. However, 
raising the temperature to 40 °C was found to sharpen the CH3 resonance and give data to which 
standard non-linear curve fitting techniques could be applied (Figure 5.11a). The Kassoc for 
112·59 determined by 1H NMR under these conditions was 380 M–1. Although the stoichiometry 
parameter, n, for ITC experiments varied between 0.7 and 1.4, 1H NMR Job analysis in 5% 
DMSO-d6/CDCl3 at 40 °C indicated 1:1 stoichiometry. Although the binding of the DAN·DeUG 
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system has been characterized by ITC and 1H NMR at 25 °C in both CHCl3 and 5% DMSO/
CHCl3,76 1H NMR titrations in 5% DMSO-d6/CDCl3 were performed at 40 °C to make a valid 
comparison to data from complex 112·59. Despite the NH resonances being too broad to allow 
adequate signal to noise, the CH3 of DAN 96 could be observed over the working concentration 
range and non-linear curve-fitting of the data gave a Kassoc of 7300 M–1 (Figure 5.11b).
Figure 5.11. Chemical shift summary for 1H NMR titration of a) 112·59 in 5% DMSO-d6/CDCl3 at  40 °C; 
and b) 96·59 in 5% DMSO-d6/CDCl3 at 40 °C. The curve represents fit to a 1:1 binding isotherm.
 Binding data are summarized in Table 5.1. From the data, it  is clear that  the 112·DeUG 
complex, although less stable than the DAN·DeUG complex, is quite stable. Furthermore, 
comparison of binding data for 112·DeUG against data for DAN·DeUG allows the energy 
associated with the conformational change, undertaken by 112 during binding, to be estimated. 
Data collected from binding studies performed in 5% DMSO/CHCl3 suggest that the 
conformational change costs approximately 1.8–2 kcal mol–1. This medium is useful for this 
comparison because self-association events that can occur with DeUG and 112 in less polar 
solvents are suppressed.
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Table 5.1. ITC and 1H NMR binding data for 112·59 and 96·59.a
Method (Conditions) Kassoc 112·DeUG (M–1) Kassoc DAN·DeUG (M–1) %%G (kcal mol–1)
ITC (25 °C, 5% DMSO/CHCl3) 719 ± 36 2.1 # 104 2.0
1H NMR (40 °C, 5% DMSO-
d6/CDCl3)
380 7300 1.8
aBinding constants are reported in M–1. ITC data for DAN·DeUG are reported in ref. 76. Error reported 
for ITC measurements represent ± 1 one standard deviation. 1H NMR experiments were performed in 
duplicate, and gave Kassoc within 5% of one another.
5.5 Complexation-Based Control Over the Conformation of Bisureidonaphthyridine
Given that quadruple H-bonding modules such as DeUG induce the unfolding of 112 and that 
112 binds DeUG less strongly than DAN, the folding of 112 can be reversibly  controlled by 
action of DeUG and DAN (Figure 5.12a-g). 1H NMR indicates that upon addition of 1 
equivalent of DeUG 59 to a 250 µM solution of 112, 112 unfolds to form the 112·DeUG 
complex. Addition of 0.5 equivalent  of DAN 96 results in a mixture of 112·DeUG, DAN·DeUG, 
and free 112 that is predominantly 112·DeUG. Upon adding 1 equivalent of DAN, the mixture 
becomes predominantly DAN·DeUG and free 112, however, 112·DeUG can be detected. When 2 
equivalents of DAN are added, the DAN·DeUG complex dominates and 112 is returned entirely 
to the folded conformation.
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Figure 5.12. a) Complexation induced unfolding and folding of 112 and partial 1H NMR spectra (500 
MHz, CDCl3, 25 °C) of b) 250 µM 112; c) 250 µM 112 and DeUG 59; d) 75 µM DAN 95, 250 µM 112 
and DeUG; e) 250 µM 112, DeUG, and DAN; f) 500 µM DAN, 250 µM 112  and DeUG; g) 250 µM 
DeUG and DAN. Key: (  ) = 112 NH1; (  ) = 59!96 complex.
5.6 Conclusions
In summary, we have presented a facile route to bisureidonaphthyridine via CDI activation of 
diamino-naphthyridine. The resulting bisimidazolide can be easily purified, appears to be 
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indefinitely stable, and reacts with primary  alkyl amines under mild conditions. Although a light-
responsive bisureidonaphthyridine has yet to be developed, significant progress has been made 
toward this goal. Chloroform soluble bis-alkyl derivatives appear to remain folded upon dilution 
but unfold in competitive solvents or in the presence of quadruple H-bonding modules (e.g. 
DeUG). Binding studies reveal that 112 and DeUG form a stable complex (Kassoc = 6.5 # 105 M–
1) in chloroform. Comparison of this system to DAN·DeUG allows an estimation of the energetic 
cost of the conformational change requisite for binding. The unfolding process was determined 
to cost 1.8–2.0 kcal mol–1, depending on the conditions. Because the binding constant for 
112·DeUG is smaller than that for DAN·DeUG it  is possible to use this to achieve reversible, 
complexation induced folding and unfolding of bisureidonaphthyridine. Application of this 
control over the folding and unfolding of 112 to responsive assemblies, as well as development 
of alternative means of controlling the folding of 112 (e.g. light, heat) are being pursued.
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CHAPTER 6
EXPERIMENTAL SECTION
6.1 General Methods
All reagents were used as received from Sigma-Aldrich without further purification unless 
otherwise indicated. Solvents were of reagent grade (Sigma-Aldrich or Fisher Scientific) and 
were used as received unless otherwise noted. Pyridine (Py) and triethylamine (Et3N) were 
distilled from calcium hydride (CaH2) or stored over sodium hydroxide prior to use. Reagent 
grade chloroform (CHCl3) and methylene chloride (CH2Cl2) were washed with conc. sulfuric 
acid, water, and finally a 5% (w/v) aqueous sodium bicarbonate solution before drying over 
sodium sulfate and distilling from CaH2. N,N-dimethyl formamide (DMF) was pre-dried over 
activated 4 Å molecular sieves and vacuum distilled over 4 Å molecular sieves. Tetrahydrofuran 
(THF) was distilled from sodium and benzophenone ketyl. Dimethyl sulfoxide (DMSO) was pre-
dried over magnesium sulfate and vacuum distilled from CaH2 over activated 4 Å molecular 
sieves prior to use. 4-(Dimethylamino)pyridinium 4-toluenesulfonate (DPTS) was prepared 
according to the method of Moore.246 Copper(I) oxide powder (< 5 micron, 97%, Aldrich) and 
concentrated aqueous ammonium hydroxide (NH4OHaq, 28–30 wt % ammonia) were used in all 
amination reactions. Styrene was passed through a column of Brockmann I activated basic 
alumina to remove polymerization inhibitor and was stored at –20 °C prior to use. Reported 
temperatures indicate the temperature of the heating medium. Brine refers to a saturated aqueous 
solution of sodium chloride. Reactions were performed under an atmosphere of dry nitrogen 
using standard Schlenk techniques unless otherwise noted. Reactions were monitored by thin-
layer chromatography (TLC) using 60 Å silica, with fluorescence indicator, coated (250 µm) on 
glass plates (Silicycle). TLC plates were visualized via long- and short-wave UV unless 
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otherwise noted. Flash chromatography was performed according to the general method reported 
by Still247 using Silicycle 40-63 %m silica (SiO2) with Fluorescence Indicator Green 254 nm 
(Fluka) in quartz columns.
 Melting points were measured on a capillary  melting point apparatus and are uncorrected. 
All NMR data were collected in the VOICE NMR Laboratory at the University of Illinois at 
Urbana-Champaign. NMR spectra were acquired on Varian Unity 400 and 500 MHz 
spectrometers. Chemical shift (() values are reported in ppm, 1H and (13C) spectra are referenced 
to the residual solvent: CDCl3 7.26 (77.2); CD2Cl2 5.31 (53.8); and DMSO-d6 2.50 (39.5). 
Coupling constants (J) are reported in hertz (Hz). NMR spectra were processed using iNMR 
(Nucleomatica). IR data were recorded on Matteson FTIR instruments using 32 scans at 4 cm–1 
resolution. Solids (10 wt % in anhydrous KBr) were analyzed in discs prepared by  means of a 
hydraulic press. Neat liquids were analyzed when possible, otherwise compounds were dissolved 
or swollen in carbon tetrachloride (CCl4) and made into thin films on sodium chloride plates. All 
UV-vis data were recorded on a Shimadzu UV-2501PC spectrophotometer, with temperature 
control unit, using matched quartz cuvettes (pathlength = 1 cm). UV-vis spectra were recorded at 
25 °C. UV-vis analysis of thin films was accomplished by  placing the substrate in the sample 
path and using either bare quartz or (3-aminopropyl)triethoxysilane (APTES)-coated quartz in 
the reference path. Mass spectra were obtained in the University of Illinois Mass Spectrometry 
Laboratory. Mass data are reported in m/z. Elemental analyses (combustion and inductively 
coupled plasma mass spectrometry, ICP-MS) were performed at the University of Illinois School 
of Chemical Sciences.
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 Analytical size-exclusion chromatography (SEC) performed in DMF (50 mM LiBr, 1 mL 
min–1, 50 °C) was accomplished using a Hitachi autosampler and pump, and a Viscotek 
refractive index detector outfitted with Waters Styragel columns (2 # HR3, HR4E). SEC 
performed in THF (1 mL min–1, 30 °C) was accomplished using a Waters autosampler, pump, 
photodiode array, and refractive index detector outfitted with Waters Styragel columns (HR5, 
HR4, HR3, HR1). Molecular weight was determined using conventional calibration against 
polystyrene standards. Dynamic scanning calorimetry (DSC) was performed using a Perkin 
Elmer Diamond-DSC instrument. In a typical experiment, 2–5 mg of sample was first annealed 
by heating from ambient temperature to 250 °C, holding at this temperature for 5 min, and 
quenching by cooling rapidly to 0 °C. Annealed samples were heated from 0–250 °C at 30 °C per 
minute least two times using two different samples. The onset temperature for the major 
endothermic event was recorded as the Tg, values represent the average of several experimental 
runs. Thermogravimetric analysis (TGA) was performed using a ThermoFisher Thermax 500 
instrument. In a typical experiment, 20–50 mg of sample was heated from 25–600 °C at 10 °C 
per minute under an atmosphere of nitrogen. The onset temperature for the major decomposition 
event was recorded as the Td.
 Compound 17 was prepared according to the method of Park86 or Corbin68, with the latter 
being the preferred method in terms of efficiency and purity. Compounds 59, 62, 77, 80, and 82 
were prepared according to the method of Kuykendall.76 Compounds 96,29 97,202 113,243 116,244 
and 120245 were prepared according to the literature.
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6.2 Synthetic Procedures
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7-Amino-1,8-naphthyridin-2(1H)-one 23. The method of Newkome248 was modified as 
follows: 2,6-diaminopyridine (107 g, 0.980 mol) and malic acid (145 g, 1.08 mol) were made 
into a fine powder by mortar and pestle and were placed in a 1 L three-neck flask outfitted with 
an addition funnel, thermometer, and mechanical stirrer. The stirred mixture was cooled in an 
ice-water bath and concentrated sulfuric acid (500 mL) was added drop-wise at such a rate as to 
maintain an internal temperature " 45 °C during the addition. The addition funnel was exchanged 
for a reflux condenser and the slurry was heated to an internal temperature of 110 °C for 2.5 h. 
The solution was transferred to a 4 L Erlenmeyer flask, cooled to 0 °C via an ice-water bath, and 
was made basic (pH 8) by  careful addition of NH4OH(aq) (1.5 L). The crude brown solid was 
collected by vacuum filtration and was washed on the filter-paper with water (9 L). The solid 
was triturated with 1:9 (v:v) water:methanol and again collected by vacuum filtration, affording 
23 (136 g, 87%) as a tan powder upon drying in vacuo (125 °C, 0.5–0.33 atm). Product thus 
obtained gave characterization consistent with the literature:248 mp > 300 °C; 1H NMR (500 
MHz; DMSO-d6): ( 11.91 (bs, 1H), 7.65 (d, J = 9.5, 1H), 7.65 (d, J = 8, 1H), 7.03 (bs, 2H), 6.34 
(d, J = 8.5, 1H), 6.12 (d, J = 9.2, 1H); 13C NMR (126 MHz; DMSO-d6): ( 163.8, 160.6, 150.4, 
139.8, 137.4, 114.8, 105.3, 105.0; ESI-MS calcd for [C8H7N3O!H]+ 162.1, found 162.1.
NH2N N O
H
NN N O
H
R
O
H
RCOCl
Et3N, DMAP
pyridine, 90–100 °C
Acylation of 7-amino-1,8-naphthyridin-2(1H)-one (General Method). The method of 
Ligthart28 was modified as follows: a slurry of 23 (1 equivalent), 4-(dimethylamino)pyridine 
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(DMAP) (0.01 equivalents), Et3N (1.2 equivalents), 0.7–0.8 M  in pyridine, in a three-neck flask 
outfitted with a thermometer, reflux condenser, addition funnel, and magnetic stir-bar was cooled 
to 0 °C via an ice-water bath. Acyl chloride (1.2 equivalents) was added dropwise via syringe or 
addition funnel and the internal temperature was kept below 25 °C during the addition. The 
slurry was stirred while the bath was allowed to warm to ambient temperature over 1–3 h. The 
water-bath was replaced with an oil-bath and the reaction was heated to an internal temperature 
of 95–100 °C over 2 h and kept for 18–48 h. The mixture was dried in vacuo to give a dark 
residue that was purified per the individual procedures described below:
N NN
O
H
O
H
2-Ethyl-N-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl)hexanamide 26. Compound 23 (20.0 g, 
124 mmol), DMAP (150 mg, 1.24 mmol), Et3N (20 mL, 150 mmol), and 2-ethylhexanoyl 
chloride (25.8 mL, 150 mmol) in pyridine (150 mL) were treated, for 18 h, according to the 
general method. The crude residue was triturated with water (500 mL), under sonication for 60 
min, and the solid was collected by vacuum filtration. The tan solid was washed on the filter-
paper with water (1 L), diethyl ether (250 mL), petroleum ether (250 mL), and was allowed to 
dry under air. The tan solid was again triturated with diethyl ether (500 mL), under sonication for 
60 min, diluted with petroleum ether (250 mL), and was collected by  vacuum filtration. The tan 
solid was washed on the filter-paper with 2:1 (v:v) diethyl ether:petroleum ether (300 mL), 
affording 26 (30.8 g, 86%) as tan powder. Analytical samples were prepared by trituration with 
1:1 (v:v) diethyl ether:ethyl acetate and gave the title compound as a white powder that gave 
characterization consistent with the literature:28 mp 175–177 °C; 1H NMR (500 MHz; DMSO-
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d6): ( 11.88 (s, 1H), 10.56 (s, 1H), 8.05 (d, J = 8.5, 1H), 7.99 (d, J = 8.5, 1H), 7.85 (d, J = 9.5, 
1H), 6.42 (d, J = 9.4, 1H), 2.66–2.60 (m, 1H), 1.59–1.50 (m, 2H), 1.46–1.32 (m, 2H), 1.31–1.12 
(m, 4H), 0.84 (t, J = 7, 3H), 0.82 (t, J = 6.2, 3H); 13C NMR (126 MHz; DMSO-d6): ( 175.9, 
163.4, 152.5, 148.9, 139.0, 138.5, 120.5, 110.7, 108.8, 47.4, 32.0, 29.3, 25.7, 22.3, 14.0, 11.8; IR 
(nujol, cm–1) 3139 (NH), 1664 (C=O); UV &max (CHCl3) 338 nm; ESI-HRMS calcd for 
[C16H21N3O2!H]+ 288.1712, found 288.1715. Anal calcd for C16H21N3O2: C, 66.88; H, 7.37; N, 
14.62. Found: C, 66.89; H, 7.52; N, 14.50.
N N ON
H
O
H
N-(7-Oxo-7,8-dihydro-1,8-naphthyridin-2-yl)isobutyramide 27. Compound 23 (20.0 g, 124 
mmol), DMAP (150 mg, 1.24 mmol), Et3N (20 mL, 150 mmol), and isobutyryl chloride (15.8 
mL, 150 mmol) in pyridine (150 mL) were treated, for 18 h, according to the general method. 
The crude residue was triturated with 1:1 (v:v) water:ethyl acetate (200 mL), under sonication 
for 10 min, and the solid was collected by vacuum filtration. The tan solid was washed on the 
filter-paper with water (500 mL) and ethyl acetate (500 mL) and was dried in vacuo (110 °C, 
0.5–0.33 atm), affording 27 (26.6 g, 93%) as a tan powder: mp > 300 °C; 1H NMR (500 MHz; 
DMSO-d6): ( 11.87 (s, 1H), 10.50 (s, 1H), 8.05 (d, J = 8.5, 1H), 7.96 (d, J = 8.5, 1H), 7.85 (d, J 
= 9.4, 1H), 6.42 (d, J = 9.4, 1H), 2.86 (septet, J = 6.8, 1H), 1.09 (d, J = 6.8, 6H); 13C NMR (126 
MHz; DMSO-d6): ( 176.8, 163.3, 152.6, 148.9, 138.9, 138.4, 120.4, 110.5, 108.6, 34.4, 19.4; IR 
(nujol, cm–1) 3079 (NH), 1656 (C=O); UV &max (CHCl3) 338 nm; ESI-HRMS calcd for 
[C12H13N3O2!H]+ 232.1086, found 232.1087. Anal calcd for C12H13N3O2: C, 62.33; H, 5.67; N, 
18.17. Found: C, 62.57; H, 5.64; N, 17.86.
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N-(7-Oxo-7,8-dihydro-1,8-naphthyridin-2-yl)heptanamide 28. Compound 23 (3.5 g, 22 
mmol), DMAP (25 mg, 0.22 mmol), Et3N (3.6 mL, 26 mmol), and heptanoyl chloride (4.0 mL, 
26 mmol) in pyridine (30 mL) were treated, for 24 h, according to the general method. The crude 
residue was triturated in 2:1 (v:v) water:ethyl acetate (150 mL), under sonication for 20 min, and 
the solid was collected by vacuum filtration. The tan solid was washed on the filter-paper with 
7:3 (v:v) diethyl ether:ethyl acetate (200 mL) and 1:1 (v:v) diethyl ether:ethyl acetate (300 mL) 
affording 28 (4.85 g, 82%) as a tan powder: mp 252–254 °C; 1H NMR (500 MHz; DMSO-d6): ( 
11.88 (s, 1H), 10.50 (s, 1H), 8.04 (d, J = 8.6, 1H), 7.95 (d, J = 8.5, 1H), 7.84 (d, J = 9.5, 1H), 
6.42 (d, J = 9.4, 1H), 2.44 (t, J = 7.4, 2H), 1.57 (quintet, J = 7.2, 2H), 1.25–1.27 (m, 6H), 0.86 (t, 
J = 6.9, 3H); 13C NMR (126 MHz; 5% DMSO-d6 in CDCl3): ( 174.6, 165.3, 154.3, 148.7, 139.9, 
139.1, 119.8, 111.2, 110.8, 37.1, 31.7, 29.0, 25.4, 22.6, 14.2; IR (nujol, cm–1) 3090 (NH), 1662 
(C=O); UV &max (CHCl3) 338 nm; ESI-HRMS calcd for [C15H19N3O2!H]+ 274.1556, found 
274.1544. Anal calcd for C15H19N3O2: C, 65.91; H, 7.01; N, 15.37. Found: C, 65.62; H, 6.84; N, 
15.34.
N N ON
H
O
Br
H
2-Bromo-2-methyl-N-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl)propanamide 29. To a 
suspension of compound 23 (1.0 g, 6.2 mmol) and DMAP (8 mg, 0.06 mmol) in pyridine (10 
mL) were added Et3N (1.7 mL, 12 mmol). The vessel was placed in an ice-water bath and 2-
bromoisobutyryl bromide (2.6 mL, 13 mmol) was added drop-wise with stirring. The reaction 
temperature did not exceed 25 °C during the addition. The vessel was kept in the ice-water bath 
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for 45 min and was placed in an oil-bath and heated to 90 °C over 1 h. The solvent  was removed 
in vacuo and the brown residue was triturated with 5:1 (v:v) water:ethyl acetate (15 mL), diluted 
with petroleum ether (5 mL) and was collected by vacuum filtration. The tan solid was washed 
on the filter-paper with water (200 mL) and 1:1 (v:v) petroleum ether:ethyl acetate (100 mL) 
affording 29 (1.61 g, 84%) as a tan solid: mp > 300 °C; 1H NMR (400 MHz; DMSO-d6): ( 11.93 
(s, 1H), 10.25 (s, 1H), 8.12 (d, J = 8.5, 1H), 7.89 (d, J = 9.5, 1H), 7.77 (d, J = 8.5, 1H), 6.47 (dd, 
J = 9.4, 1.8, 1H), 2.02 (s, 6H); 13C NMR (126 MHz; DMSO-d6): ( 170.2, 163.2, 151.8, 148.9, 
138.8, 138.5, 121.3, 111.3, 109.7, 60.7, 30.6; IR (nujol, cm–1) 3167 (NH), 1677 (C=O); UV 
(CHCl3) 338 nm; ESI-HRMS calcd for [C12H12BrN3O2·H]+ 310.0191, found 310.0183.
NN N O
H
O
H
N-(7-Oxo-7,8-dihydro-1,8-naphthyridin-2-yl)benzamide 30. Compound 23 (3.5 g, 22 mmol), 
DMAP (25 mg, 0.22 mmol), Et3N (3.6 mL, 26 mmol), and benzoyl chloride (3.0 mL, 26 mmol) 
in pyridine (35 mL) were treated, for 24 h, according to the general method. The crude residue 
was triturated in 2:1 (v:v) water:ethyl acetate (150 mL), under sonication for 60 min, and the 
solid was collected by vacuum filtration. The tan solid was washed on the filter-paper with ethyl 
acetate (250 mL) affording 30 (4.76 g, 83%) as a brown powder: mp > 300 °C; 1H NMR (400 
MHz; DMSO-d6): ( 11.91 (s, 1H), 10.85 (s, 1H), 8.14 (d, J = 8.5, 1H), 8.01–7.98 (m, 3H), 7.90 
(d, J = 9.5, 1H), 7.63–7.59 (m, 1H), 7.54–7.51 (m, 2H), 6.47 (dd, J = 9.4, 1.6, 1H); 13C NMR 
(126 MHz; DMSO-d6): ( 166.5, 163.2, 152.5, 148.9, 138.9, 138.4, 134.0, 132.2, 128.4, 128.2, 
121.0, 111.0, 110.0; IR (nujol, cm–1) 3100 (NH), 1664 (C=O); UV &max (CHCl3) 342 nm; ESI-
HRMS calcd for [C15H11N3O2!H]+ 266.0930, found 266.0920.
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2-(4-Bromophenyl)-N-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl)acetamide 31. To an ice-
water cooled suspension of 4-bromophenylacetic acid (10 g, 47 mmol) in CH2Cl2 (25 mL) and 
DMF (1 drop) were added oxalyl chloride (12 mL, 140 mmol), drop-wise, via syringe. Vigorous 
foaming and frothing was observed. The reaction became homogeneous after several hours and 
was stirred at ambient temperature for a total of 12 h. Solvent and excess oxalyl chloride were 
removed in vacuo giving a pale yellow liquid. Vacuum distillation afforded 2-(4-bromophenyl)
acetyl chloride (8.26 g, 76%) as a colorless liquid that  gave characterization consistent with the 
literature:249 bp 85–87 °C, 0.78 torr; 1H NMR (500 MHz; CDCl3): ( 7.52–7.50 (m, 2H), 7.16–
7.14 (m, 2H), 4.10 (s, 2H); 13C NMR (126 MHz; CDCl3): ( 171.6, 132.3, 131.3, 130.3, 122.6, 
52.5.
Compound 23 (4.35 g, 27 mmol), DMAP (33 mg, 0.27 mmol), Et3N (4.5 mL, 32 mmol), and 
freshly prepared 2-(4-bromophenyl)acetyl chloride (8.2 g, 35 mmol) in pyridine (40 mL) were 
treated, for 24 h, according to the general method. The reaction was allowed to proceed for 48 h. 
The crude residue was triturated in 2:1 (v:v) water:ethyl acetate (150 mL), under sonication for 
60 min, and the solid was collected by  vacuum filtration. The tan solid was washed on the filter-
paper with 1:1 (v:v) diethyl ether:ethyl acetate (200 mL) affording 31 (8.48 g) as a tan solid that 
was determined to be 50% pure by  1H NMR (thus 44% yield) and was carried forward without 
further purification; 7-Amino-1,8-naphthyridin-2(1H)-one was the major impurity: 1H NMR 
(400 MHz; DMSO-d6): ( 11.95 (s, 1H), 10.81 (s, 1H), 8.05 (d, J = 8.7, 1H), 7.89 (d, J = 8.5, 1H), 
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7.84 (d, J = 9.4, 1H), 7.53–7.51 (m, 2H), 7.31–7.29 (m, 2H), 6.43 (dd, J = 9.5, 1.9, 1H), 3.78 (s, 
2H); ESI-HRMS calcd for [C16H12BrN3O2!H]+ 358.0191, found 358.0184.
NN NR
O
H
BrNN N O
H
R
O
H
PBr3
110 °C
Bromination of 7-Amidonaphthyridinones (General Method). A slurry of 
amidonaphthyridinone (1 equivalent) and phosphorus tribromide (PBr3) (97%) (20–65 
equivalents), in a three-neck flask outfitted with reflux condenser, thermometer, and magnetic 
stir-bar was heated, with stirring, to an internal temperature of 110–115 °C for 6–48 h. The 
mixture was cooled in an ice-water bath, diluted with CH2Cl2 and poured carefully over ice. The 
temperature of the mixture during the quench did not  exceed 0 °C. The mixture was purified per 
the individual procedures described below:
N NN
O
H
Br
N-(7-Bromo-1,8-naphthyridin-2-yl)-2-ethylhexanamide 33. Naphthyridinone 26 (5.0 g, 17 
mmol) and PBr3 (32 mL, 348 mmol) were heated to 110 °C for 12 h according to the general 
method. The crude mixture was extracted with CH2Cl2 (4 # 50 mL) and the combined extracts 
were washed with water (2 # 50 mL) and saturated aqueous sodium bicarbonate (2 # 50 mL). 
The organic extracts were dried over sodium sulfate and filtered through celite, washing with 
CH2Cl2. The pale yellow solution was filtered through a pad of silica (SiO2), washing with 
CH2Cl2 and eluting with 3:2 (v:v) CH2Cl2:ethyl acetate. The crude solid was further purified by 
column chromatography (SiO2, CH2Cl2) affording 33 (3.9 g, 66%) as a white powder: mp 130–
131 °C; 1H NMR (500 MHz; CDCl3) ( 8.62 (d, J = 8.9, 1H), 8.37 (s, 1H), 8.19 (d, J = 8.9, 1H), 
7.96 (d, J = 8.4, 1H), 7.54 (d, J = 8.3, 1H), 2.30–2.21 (m, 1H), 1.78–1.69 (m, 2H), 1.63–1.53 (m, 
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2H), 1.33–1.31 (m, 4H), 0.97 (t, J =7.4, 3H), 0.87 (t, J =7.0, 3H); 13C NMR (126 MHz; CDCl3) ( 
175.7, 154.8, 154.2, 145.7, 139.5, 138.3, 125.7, 119.5, 115.7, 51.2, 32.5, 29.9, 26.2, 22.9, 14.1, 
12.1; IR (Nujol, cm–1) 3168 (NH), 1691 (C=O); UV &max (CHCl3) 340 nm; ESI-HRMS calcd for 
[C16H20BrN3O!H]+ 350.0868, found 350.0866. Anal. Calcd for C16H20BrN3O: C, 54.87; H, 5.76; 
N, 12.00. Found: C, 55.22; H, 5.81; N, 11.82. ICP-MS: 0.003 wt % Cu.
N NN
H
O
Br
N-(7-Bromo-1,8-naphthyridin-2-yl)isobutyramide 34. Naphthyridinone 27 (3.0 g, 13 mmol) 
and PBr3 (25 mL, 260 mmol) were heated to 110 °C for 24 h according to the general method. 
The crude mixture was extracted with 9:1 (v:v) CHCl3:isopropanol (4 # 100 mL) and the 
combined organic portions were washed with water (2 # 100 mL), and saturated aqueous sodium 
bicarbonate (2 # 50 mL). The organic portion was dried over sodium sulfate, filtered through 
celite, and concentrated in vacuo. Flash chromatography (SiO2, step gradient from 99:1 (v:v) 
CH2Cl2:conc. aq. NH4OH to 90:10:1 (v:v:v) CH2Cl2:methanol:NH4OHaq) afforded 34 (1.88 g, 
49%) as a white powder: mp 185–186 °C; 1H NMR (500 MHz; DMSO-d6): ( 11.10 (s, 1H), 8.45 
(s, 2H), 8.30 (d, J = 8.3, 1H), 7.67 (d, J = 8.3, 1H), 2.83 (septet, J = 6.8, 1H), 1.12 (d, J = 6.8, 
6H); 13C NMR (126 MHz; DMSO-d6): ( 177.2, 155.2, 154.5, 144.3, 139.8, 139.8, 124.9, 119.1, 
115.4, 34.8, 19.3; IR (nujol, cm–1) 1691 (C=O); UV &max (CHCl3) 339 nm; ESI-HRMS calcd for 
[C12H12BrN3O!H]+ 294.0242, found 294.0243. Anal calcd for C12H12BrN3O: C, 49.00; H, 4.11; 
N, 14.29. Found: C, 49.35; H, 4.05; N, 14.17. ICP-MS: 0.0008 wt % Cu.
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N-(7-Bromo-1,8-naphthyridin-2-yl)heptanamide 35. Naphthyridinone 28 (1.0 g, 3.7 mmol) 
and PBr3 (7 mL, 74 mmol) were heated to 110 °C for 12 h according to the general method. The 
crude mixture was extracted with CH2Cl2 (4 # 30 mL) and the combined extracts were washed 
with water (2 # 50 mL) and saturated aqueous sodium bicarbonate (2 # 50 mL). The organic 
extracts were dried over sodium sulfate, filtered through celite, washing with CH2Cl2, and the 
pale yellow solution was concentrated in vacuo. Flash chromatography (SiO2, step gradient from 
CH2Cl2 to 50:1 (v:v) CH2Cl2:methanol) gave 35 (0.710 g, 58%) as a white powder. Analytical 
samples were prepared via recrystallization from 9:1 (v:v) CHCl3:methanol and gave a white 
powder: mp 164–165 °C; 1H NMR (500 MHz; DMSO-d6): ( 11.11 (s, 1H), 8.48 (d, J = 9.0, 1H), 
8.45 (d, J = 9.0, 1H), 8.31 (d, J = 8.4, 1H), 7.68 (d, J = 8.3, 1H), 2.47 (t, J = 7.4, 2H), 1.60 
(quintet, J = 7.2, 2H), 1.32–1.28 (m, 6H), 0.86 (t, J = 6.8, 3H); 13C NMR (126 MHz; DMSO-d6): 
( 173.3, 155.0, 154.5, 144.3, 139.82, 139.79, 124.9, 119.1, 115.3, 36.3, 31.0, 28.2, 24.7, 22.0, 
13.9; IR (nujol, cm–1) 3322 (NH), 1675 (C=O); UV &max (CHCl3) 339 nm; ESI-HRMS calcd for 
[C15H18BrN3O!H]+ 336.0711, found 336.0708. Anal calcd for C15H18BrN3O: C, 53.58; H, 5.40; 
N, 12.50. Found: C, 53.85; H, 5.25; N, 12.28.
N NN
H
O
Br Br
2-Bromo-N-(7-bromo-1,8-naphthyridin-2-yl)-2-methylpropanamide 36. Naphthyridinone 29 
(500 mg, 1.6 mmol) and PBr3 (10 mL, 103 mmol) were heated to 110 °C for 6 h according to the 
general method. The crude mixture was extracted with CH2Cl2 (3 # 50 mL) and the combined 
extracts were washed with water (2 # 50 mL) and saturated aqueous sodium bicarbonate (2 # 50 
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mL). The organic extracts were dried over sodium sulfate and filtered by gravity filtration. Flash 
chromatography  (SiO2, step gradient from CH2Cl2 to 9:1 (v:v) CH2Cl2:ethyl acetate) gave 36 
(220 mg, 36%) as a white powder: mp 162–163 °C; 1H NMR (500 MHz; CDCl3): ( 9.27 (bs, 
1H), 8.54 (d, J = 8.9, 1H), 8.23 (d, J = 8.9, 1H), 7.99 (d, J = 8.4, 1H), 7.57 (d, J = 8.4, 1H), 2.07 
(s, 6H); 13C NMR (126 MHz; CDCl3): ( 171.3, 154.7, 153.9, 146.0, 139.6, 138.3, 126.1, 119.7, 
115.0, 60.4, 32.1; IR (nujol, cm–1) 3394 (NH), 1698 (C=O); UV &max (CHCl3) 338 nm; ESI-
HRMS calcd for [C12H11Br2N3O·H]+ 371.9347, found 371.9348.
NN N
O
H
Br
N-(7-Bromo-1,8-naphthyridin-2-yl)benzamide 37. Naphthyridinone 30 (1.0 g, 3.8 mmol) and 
PBr3 (7.3 mL, 75 mmol) were heated to 110 °C for 48 h according to the general method. The 
crude mixture was filtered by vacuum filtration, washed with CHCl3 (100 mL), and the biphasic 
filtrate was extracted with CHCl3 (4 # 50 mL). The combined extracts were washed with water 
(2 # 50 mL), saturated aqueous sodium bicarbonate (2 # 50 mL) and were dried over sodium 
sulfate, filtered by gravity filtration. The crude product was purified by flash chromatography 
(SiO2, step  gradient CH2Cl2 to 19:1 (v:v) CH2Cl2:methanol) affording 37 (120 mg, 10%) as a 
yellow powder. Analytical samples were prepared via slow evaporation from 1:1 (v:v) 
CHCl3:methanol and gave colorless plates: mp 214–216 °C; 1H NMR (500 MHz; DMSO-d6): ( 
11.50 (s, 1H), 8.55 (d, J = 9.0, 1H), 8.53 (d, J = 9.0, 1H), 8.37 (d, J = 8.4, 1H), 8.10-8.08 (m, 
2H), 7.73 (d, J = 8.3, 1H), 7.65–7.62 (m, 1H), 7.56–7.53 (m, 2H); 13C NMR (126 MHz; DMSO-
d6): ( 166.9, 155.3, 154.5, 144.4, 139.9, 139.7, 133.6, 132.4, 128.4, 128.3, 125.2, 119.4, 116.4. 
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IR (nujol, cm–1) 3409 (NH), 1681 (C=O); UV &max (CHCl3) 342 nm; ESI-HRMS calcd for 
[C15H10BrN3O!H]+ 328.0085, found 328.0093.
N NN
H
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Br
N-(7-Bromo-1,8-naphthyridin-2-yl)-2-(4-bromophenyl)acetamide 38. Naphthyridinone 31
(1.01 g, 2.8 mmol) and PBr3 (5.4 mL, 56 mmol) were heated to 110 °C for 48 h according to the 
general method. The crude mixture was extracted with CH2Cl2 (4 # 50 mL) and the combined 
extracts were washed with water (2 # 100 mL) and saturated aqueous sodium bicarbonate (2 # 
100 mL). A brown solid was removed by gravity filtration and the yellow filtrate was washed 
with water (50 mL). The organic phase was dried over sodium sulfate, filtered by gravity 
filtration, and purified by flash chromatography  (SiO2, 9:1 (v:v) CH2Cl2:ethyl acetate) affording 
38 (180 mg, 15%) as a pale orange powder: mp 186–189 °C (dec); 1H NMR (500 MHz; CDCl3): 
( 9.19 (bs, 1H), 8.58 (d, J = 8.9, 1H), 8.19 (d, J = 8.9, 1H), 7.95 (d, J = 8.3, 1H), 7.54 (d, J = 8.3, 
1H), 7.50–7.48 (m, 2H), 7.21–7.19 (m, 2H), 3.84 (s, 2H); 13C NMR (126 MHz; CDCl3): ( 170.2, 
154.5, 154.4, 145.8, 139.7, 138.4, 132.6, 132.4, 131.4, 126.0, 122.1, 119.6, 115.9, 44.3; IR 
(nujol, cm–1) 3188 (NH), 1710 (C=O); UV &max (CHCl3) 338 nm; ESI-HRMS calcd for 
[C16H11Br2N3O!H]+ 419.9347, found 419.9360.
NN NR
O
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30 mol % Cu2O
NH4OH (aq)
rt
Cu-catalyzed Amination of 2-Bromonaphthyridines (General Method). NH4OH(aq) (10 
equivalents) was added to a suspension of naphthyridinyl-bromide (1 equivalents), and Cu2O 
(0.3 equivalents), 0.15 M  in solvent, in a 15 mL thick-walled, high-pressure tube with magnetic 
112
stir-bar. The tube was sealed with a bottom-seating cap and the reaction was stirred at ambient 
temperature (25 ± 3 °C) for 24 h. The vessel was carefully opened and the crude mixture was 
diluted 4-fold with 1:1 (v:v) CH2Cl2:water and was stirred at ambient temperature, open to air, 
for 1 h. The resulting biphasic mixture was purified per the individual procedures described 
below:
N NN
O
H
NH2
N-(7-Amino-1,8-naphthyridin-2-yl)-2-ethylhexanamide 39. Bromonaphthyridine 33 (200 mg, 
0.57 mmol) and Cu2O (24 mg, 0.18 mmol) in glyme (2 mL), ethylene glycol (2 mL), and 
NH4OHaq (0.4 mL, 6 mmol) were treated according to the general method. The biphasic mixture 
was again diluted with water (25 mL) and was extracted with CH2Cl2 (3 # 30 mL). The 
combined organic portions were washed with water (2 # 25 mL) and the organic extracts were 
dried over sodium sulfate, gravity  filtered and dried in vacuo to give an orange powder. Flash 
chromatography  (SiO2, step gradient from ethyl acetate to 9:1 (v:v) ethyl acetate:methanol) 
afforded 39 (144 mg, 88%) as a white powder: mp 192–193 °C; 1H NMR (500 MHz; CDCl3) ( 
8.26 (br s, 1H), 8.05 (br s, 1H), 7.97 (d, J = 8.1, 1H), 7.83 (d, J = 8.5, 1H), 6.68 (br s, 1H), 4.91 
(br s, 2H), 2.21–2.16 (m, 1H), 1.77–1.70 (m, 2H), 1.64–1.58 (m, 2H), 1.35–1.30 (m, 4H), 0.97 (t, 
J = 7.4, 3H), 0.88 (t, J = 7.0, 3H); 13C NMR (126 MHz; CDCl3) ( 175.5, 160.2, 155.5, 153.3, 
139.0, 138.0, 115.4, 111.0, 110.7, 51.2, 32.7, 30.0, 26.3, 23.0, 14.2, 12.2; IR (Nujol, cm–1) 3423, 
3289, 3102 (NH), 1697 (C=O); UV &max (CHCl3) 352 nm; ESI-HRMS calcd for [C16H22N4O!H]+ 
287.1872, found 287.1867. Anal. Calcd for C16H22N4O: C, 67.11; H, 7.74; N, 19.56. Found: C, 
66.92; H, 7.80; N, 19.18. ICP-MS: 0.09 wt % Cu.
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N-(7-Amino-1,8-naphthyridin-2-yl)isobutyramide 40. Bromonaphthyridine 34 (1.0 g, 3.4 
mmol) and Cu2O (150 mg, 1.0 mmol) in ethylene glycol (4 mL) and NH4OHaq (2.3 mL, 34 
mmol) were treated according to the general method. The slurry was diluted with water (25 mL) 
and was extracted with 9:1 (v:v) CHCl3:isopropanol (5 # 25 mL). The organic portion was 
washed with water (3 # 25 mL), brine (25 mL), dried over sodium sulfate, filtered through celite, 
and concentrated in vacuo. The crude brown solid was purified by flash chromatography  (SiO2, 
step gradient from CH2Cl2 to 90:9:1 (v:v:v) CH2Cl2:methanol:NH4OHaq) affording 40 (0.514 g, 
66%) as an off-white powder: mp 211–212 °C; 1H NMR (500 MHz; DMSO-d6): ( 10.53 (s, 1H), 
7.98 (d, J = 8.5, 1H), 7.95 (d, J = 8.5, 1H), 7.82 (d, J = 8.7, 1H), 6.67 (d, J = 8.5, 1H), 6.66 (bs, 
2H), 2.79 (septet, J = 6.8, 1H), 1.09 (d, J = 6.8, 6H); 13C NMR (126 MHz; DMSO-d6): ( 176.5, 
161.0, 155.9, 153.4, 138.1, 137.0, 113.9, 111.2, 108.8, 34.6, 19.4; IR (nujol, cm–1) 3428, 3154 
(NH), 1683 (C=O); UV &max (CHCl3) 353 nm; ESI-HRMS calcd for [C12H14N4O!H]+ 231.1246, 
found 231.1242. Anal calcd for C12H14N4O: C, 62.59; H, 6.13; N, 24.33. Found: C, 62.79; H, 
6.09; N, 24.10. ICP-MS: 0.004 wt % Cu.
N NN
O
H
NH2
N-(7-Amino-1,8-naphthyridin-2-yl)heptanamide 41. Bromonaphthyridine 35 (200 mg, 0.59 
mmol) and Cu2O (26 mg, 0.18 mmol) in glyme (2 mL), ethylene glycol (2 mL), and NH4OHaq 
(0.4 mL, 6 mmol) were treated according to the general method. The biphasic mixture was again 
diluted with water (25 mL) and was extracted with CH2Cl2 (4 # 20 mL). The combined organic 
portions were washed with water (2 # 25 mL) and the organic extracts were dried over sodium 
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sulfate, gravity filtered and dried in vacuo to give an orange powder. Flash chromatography 
(SiO2, step gradient from ethyl acetate to 9:1 (v:v) ethyl acetate:methanol) afforded 41 (85 mg, 
53%) as a white powder that gave characterization consistent with the literature:29 mp 180–182 
°C; 1H NMR (500 MHz; CDCl3): ( 8.87 (s, 1H), 8.20 (d, J = 8.5, 1H), 7.90 (d, J = 8.5, 1H), 7.75 
(d, J = 8.6, 1H), 6.64 (d, J = 8.5, 1H), 5.56 (bs, 2H), 2.42 (t, J = 7.5, 2H), 1.69 (quintet, J = 7.4, 
2H), 1.36–1.30 (m, 2H), 1.29–1.25 (m, 4H), 0.86 (t, J = 6.5, 3H); 13C NMR (126 MHz; CDCl3): 
( 172.7, 160.1, 155.0, 153.5, 138.9, 138.1, 115.0, 111.0, 110.6, 38.0, 31.6, 29.0, 25.4, 22.6, 14.2; 
IR (nujol, cm–1) 3471, 3313, 3155 (NH), 1697 (C=O); UV &max (CHCl3) 352 nm; ESI-HRMS 
calcd for [C15H20N4O!H]+ 273.1715, found 273.1707.
NN N
O
H
NH2
N-(7-Amino-1,8-naphthyridin-2-yl)benzamide 42. Bromonaphthyridine 37 (190 mg, 0.58 
mmol) and Cu2O (25 mg, 0.17 mmol) in glyme (2 mL), ethylene glycol (2 mL), and NH4OHaq 
(0.4 mL, 5.8 mmol) were treated according to the general method. The biphasic mixture was 
again diluted with water (50 mL) and was extracted with CH2Cl2 (4 # 30 mL). The combined 
organic portions were washed with water (2 # 25 mL) and the organic extracts were dried over 
sodium sulfate, gravity filtered and dried in vacuo to give an orange powder. Analytical samples 
were purified by  flash chromatography (SiO2, step gradient from ethyl acetate to 9:1 (v:v) ethyl 
acetate:methanol) and gave 42 (32 mg, 23%) as a white powder: mp 210–212 °C; 1H NMR (500 
MHz; CDCl3): ( 8.80 (s, 1H), 8.40 (d, J = 8.2, 1H), 8.03 (d, J = 8.7, 1H), 7.96–7.94 (m, 2H), 
7.86 (d, J = 9.0, 1H), 7.61–7.59 (m, 1H), 7.55–7.52 (m, 2H), 6.70 (d, J = 8.4, 1H), 4.96 (bs, 2H); 
13C NMR (126 MHz; CDCl3): ( 166.0, 160.1, 155.2, 153.4, 139.0, 138.1, 134.1, 132.5, 129.0, 
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127.4, 115.3, 111.1, 110.7; IR (nujol, cm–1) 3488, 3265, 3141 (NH), 1664 (C=O); UV &max 
(CHCl3) 356 nm; ESI-HRMS calcd for [C15H12N4O!H]+ 265.1089, found 265.1082.
N NN
H
OBr
NH2
N-(7-Amino-1,8-naphthyridin-2-yl)-2-(4-bromophenyl)acetamide 43. Bromonaphthyridine 
38 (200 mg, 0.48 mmol) and Cu2O (20 mg, 0.14 mmol) in glyme (2 mL) and ethylene glycol (2 
mL), and NH4OHaq (0.35 mL, 4.8 mmol) were treated according to the general method. The 
biphasic mixture was again diluted with water (25 mL) and was extracted with CH2Cl2 (4 # 30 
mL). The combined organic portions were washed with water (2 # 25 mL) and the organic 
extracts were dried over sodium sulfate, gravity  filtered and dried in vacuo to give a brown 
residue. Flash chromatography (SiO2, step  gradient from ethyl acetate to 9:1 (v:v) ethyl 
acetate:methanol) gave 43 (14 mg, 10%) as a white powder: 1H NMR (500 MHz; CDCl3): ( 8.20 
(d, J = 8.5, 1H), 7.97 (s, 1H), 7.96 (d, J = 8.6, 1H), 7.82 (d, J = 8.6, 1H), 7.54–7.52 (m, 2H), 
7.24–7.22 (m, 2H), 6.67 (d, J = 8.6, 1H), 4.93 (bs, 2H), 3.76 (s, 2H); IR (nujol, cm–1) 3156 (NH), 
1712 (C=O); UV &max (CHCl3) 339 nm; ESI-HRMS calcd for [C16H13BrN4O·H]+ 357.0351, 
found 357.0347.
N NN
H
O
N
H
O
OH
O
4-((7-Isobutyramido-1,8-naphthyridin-2-yl)amino)-4-oxobutanoic acid 44. A solution of 40 
(50 mg, 220 µmol), succinic anhydride (26 mg, 260 µmol), and DMAP (2 mg, 20 µmol) in THF 
(5 mL) was stirred at ambient temperature overnight. The solvent was removed was removed in 
vacuo, the solid was suspended CH2Cl2 (30 mL) and was collected by vacuum filtration washing 
with CH2Cl2. The crude material was dried in vacuo to give 44 (60 mg, 80%) as a white powder: 
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1H NMR (500 MHz; DMSO-d6): ( 10.78–10.77 (m, 2H), 8.29–8.24 (m, 2H), 8.20–8.18 (m, 1H), 
6.65–6.63 (m, 1H), 2.86–2.81 (m, 1H), 2.76–2.70 (m, 2H), 2.56–2.52 (m, 2H), 1.13–1.07 (m, 
6H); ESI-HRMS calcd for [C16H18N4O4·H]+ 331.1406, found 331.1400.
NN N
O
H
N N
H
O
H
N-(7-(3-Butylureido)-1,8-naphthyridin-2-yl)-2-ethylhexanamide 45. A solution of 39 (315 
mg, 1.1 mmol), butylisocyanate (0.37 mL, 3.3 mmol), and Et3N (0.015 mL, 0.11 mmol) in 
CH2Cl2 was stirred at ambient temperature for 12 h. Additional butylisocyanate (0.3 mL, 0.3 
mmol) was added and the reaction was stirred for an additional 12 h. The solution was washed 
with water (2 # 50 mL), dried over sodium sulfate, filtered, and the pale yellow residue was 
purified by flash chromatography (SiO2, step gradient from 1:2 (v:v) ethyl acetate:CH2Cl2 to 
1:40:59 (v:v:v) methanol:ethyl acetate:CH2Cl2) affording compound 45 (350 mg, 83%) as a 
white powder: 1H NMR (500 MHz, CDCl3): ( 9.72 (s, 1H), 8.78 (s, 1H), 8.45–8.43 (m, 2H), 8.05 
(d, J = 8.7, 1H), 7.95 (d, J = 8.7, 1H), 6.94 (d, J = 8.6, 1H), 3.44–3.40 (m, 2H), 2.28–2.23 (m, 
1H), 1.81–1.70 (m, 2H), 1.68–1.61 (m, 3H), 1.60–1.53 (m, 2H), 1.48–1.41 (m, 2H), 1.35–1.32 
(m, 4H), 0.99–0.95 (m, 6H), 0.88 (t, J = 7.0, 3H); 13C NMR (126 MHz, CDCl3): ( 176.3, 156.5, 
155.9, 154.5, 153.2, 139.2, 138.3, 116.4, 113.3, 113.0, 50.1, 39.8, 32.3, 32.0, 29.8, 25.9, 22.8, 
20.3, 14.0, 13.8, 12.0; IR (nujol, cm–1) 3193 (NH), 1691 (C=O), 1604 (NH); ESI-HRMS calcd 
for [C21H31N5O2·H]+ 386.2556, found 386.2555.
NN N
O
H
N N
H
O
H
NCO
2-Ethyl-N-(7-(3-(6-isocyanatohexyl)ureido)-1,8-naphthyridin-2-yl)hexanamide 46. A slurry 
of 39 (1.0 g, 3.5 mmol) in 1,6-hexanediisocyanate (4 mL, 24 mmol) and Et3N (50 µL, 350 µmol) 
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was stirred at ambient temperature for 24 h. The crude mixture was diluted with petroleum ether, 
collected by vacuum filtration and was washed on the filter paper with petroleum ether. The 
white solid was triturated under sonication with petroleum ether one additional time and afforded 
compound 46 (1.6 g, 98%) as an off-white powder: mp 209 °C (dec); 1H NMR (500 MHz; 
DMSO-d6): ( 10.84 (s, 1H), 9.82 (s, 1H), 9.45 (s, 1H), 8.27 (d, J = 7.9, 1H), 8.22 (d, J = 8.5, 
1H), 8.17 (d, J = 8.7, 1H), 7.19 (d, J = 8.0, 1H), 3.28–3.24 (m, 2H), 2.97–2.94 (m, 2H), 2.63–
2.57 (m, 1H), 1.61–1.48 (m, 4H), 1.46–1.40 (m, 2H), 1.40–1.34 (m, 2H), 1.30–1.17 (m, 8H), 
0.87–0.81 (m, 6H); 13C NMR (126 MHz; DMSO-d6): ( 176.0, 155.5, 154.6, 154.6, 154.1, 153.1, 
139.0, 138.7, 115.7, 112.3, 112.1, 47.6, 42.5, 31.9, 30.5, 30.1, 29.9, 29.3, 26.2, 25.9, 25.7, 22.2, 
13.9, 11.8; IR (nujol, cm–1) 3195 (NH), 2264 (NCO), 1689 (C=O), 1604 (NH); ESI-HRMS calcd 
for [C24H34N6O3!H]+ 455.2771, found 455.2768.
OHO
O
O4
Decanedioic acid mono-(4-vinyl-benzyl) ester 53. The method of Park79 was modified as 
follows: 4-vinylbenzyl chloride (9.25 mL, 59 mmol) (90%, Aldrich) was added dropwise to a 
vigorously stirred mixture of sebacic acid (26.5 g, 131 mmol), potassium carbonate (19.9 g, 144 
mmol), and 18-crown-6 (0.17 g, 0.66 mmol) in DMF (250 mL). Butylated hydroxytoluene (0.10 
g, 0.50 mmol) was added and the vessel was placed in an oil-bath heated to 110 °C and stirred 
for 24 h. Over the course of the reaction, the internal temperature did not exceed 105 °C. The 
solvent was removed in vacuo and the white residue was partitioned between ethyl acetate (200 
mL) and 0.33 M aqueous HCl (600 mL). The organic portion was collected and the aqueous 
portion was extracted with ethyl acetate (2 # 100 mL). The combined organic portions were 
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washed with water (3 # 200 mL), brine (2 # 100 mL), dried over sodium sulfate, gravity filtered 
and concentrated in vacuo. The white solid was purified by  flash chromatography (SiO2, step 
gradient of petroleum ether to 1:1 petroleum ether:ethyl acetate, Rf = 0.35 in 1:1 petroleum 
ether:ethyl acetate) affording 53 (10.0 g, 53%) as a white powder: 1H NMR (500 MHz; CDCl3): 
( 7.40 (d, J = 8.1, 2H), 7.31 (d, J = 8.1, 2H), 6.71 (dd, J = 17.6, 10.9, 1H), 5.75 (dd, J = 17.6, 0.8, 
1H), 5.26 (dd, J = 10.9, 0.8, 1H), 5.09 (s, 2H), 2.34 (t, J = 7.5, 4H), 1.62 (s, 4H), 1.29 (s, 8H); 
13C NMR (126 MHz; CDCl3): ( 179.5, 173.8, 140.0, 137.6, 136.4, 135.7, 133.6, 128.6, 127.0, 
126.5, 116.4, 114.4, 68.4, 66.0, 48.5, 34.7, 34.4, 29.2, 29.1, 25.1, 25.0; FD-MS calcd for 
[C19H26O4]+ 318.2, found 318.2.
O
O O
O
O
HO
4-(4-(Acryloyloxy)butoxy)-4-oxobutanoic acid 54. Succinic anhydride (345 mg, 3.4 mmol) 
was added to a solution of 4-hydroxybutyl acrylate (90%, 0.48 mL, 3.1 mmol) and DMAP (20 
mg, 0.16 mmol) in CH2Cl2 (10 mL). The vessel was wrapped in foil and the reaction mixture was 
stirred at ambient temperature for 48 h. The resulting solution was diluted with CH2Cl2 (20 mL), 
was washed with water (3 # 25 mL), dried over sodium sulfate, filtered by  gravity filtration, and 
was concentrated in vacuo. Compound 54 was thus obtained as a colorless liquid (698 mg, 92%) 
and gave characterization consistent with the literature:250 1H NMR (400 MHz; CDCl3): ( 9.82 
(bs, 1H), 6.39 (dd, J = 17.3, 1.4, 1H), 6.10 (dd, J = 17.3, 10.4, 1H), 5.82 (dd, J = 10.4, 1.5, 1H), 
4.16 (t, J = 5.8, 2H), 4.12 (t, J = 5.8, 2H), 2.67–2.58 (m, 4H), 1.73–1.72 (m, 4H); 13C NMR (101 
MHz; CDCl3): ( 177.9, 172.3, 166.4, 131.0, 128.5, 64.5, 64.4, 64.1, 62.4, 29.0, 25.3; ESI-HRMS 
calcd for [C11H16O6!Na]+ 267.0845, found 267.0839.
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Methacryloyl-PEG-Succinate 55. A solution of poly(ethylene glycol) methacrylate (Mn = 526 
Da, 0.9 mL, 2 mmol) and succinic anhydride (210 mg, 2.1 mmol) in CH2Cl2 (5 mL) was stirred 
at ambient temperature for 24 h. The solution was diluted with CH2Cl2 (20 mL) and was 
extracted with saturated aqueous sodium bicarbonate (2 # 20 mL). The combined aqueous 
portions were washed with CH2Cl2 (3 # 20 mL), acidified (pH = 3) by 6 M aqueous HCl and 
extracted with CH2Cl2 (5 # 20 mL). The combined organic portions were dried over sodium 
sulfate, gravity filtered, and concentrated in vacuo to give 55 (0.44 g, 37%) as a colorless oil: 1H 
NMR (500 MHz; CDCl3): ( 6.12 (s, 1H), 5.57 (s, 1H), 4.29 (t, J = 4.9, 2H), 4.25 (t, J = 4.6, 2H), 
3.74 (t, J = 4.9, 2H), 3.67–3.64 (m, 34H), 2.63 (m, 4H), 1.94 (s, 3H); ESI-MS calcd for [HOOC
(CH2CH2)CO(OCH2CH2)nOOCC(CH2)CH3!H]+: (n = 5) 407.2, (n = 6) 451.2, (n = 7) 495.2, (n = 
8) 539.3, (n = 9) 583.3, (n = 10) 627.3, (n = 11) 671.3, (n = 12) 715.4, found (n = 5) 407.3, (n = 
6) 451.3, (n = 7) 495.3, (n = 8) 539.4, (n = 9) 583.4, (n = 10) 627.4, (n = 11) 671.5, (n = 12) 
715.4.
NN NR1
O
H
NH2 NN NR1
O
H
N
H
R2
O
R2COOH
EDC, DMAP
CH2Cl2
0 °C–rt
Acylation of 7-Amido-2-aminonaphthyridines (General Method). A stirred solution of 
aminonaphthyridine (1 equivalent), DMAP (0.25 equivalents), carboxylic acid (2–3 equivalents), 
0.16 M in CH2Cl2, in a round-bottomed flask with magnetic stir-bar was cooled to 0 °C via an 
ice-water bath. N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 2–3 
equivalents) was added and the reaction was allowed to warm to ambient temperature over 
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several hours and was kept for 12–24 h. The solution was diluted with CH2Cl2 (20 mL) and was 
washed with water (3 # 20 mL), saturated aqueous sodium bicarbonate (2 # 20 mL), and finally 
with brine (20 mL). The combined organic portions were dried over sodium sulfate, gravity 
filtered, and dried in vacuo to give a crude residue that was purified per the individual 
procedures reported below:
NN N
O
H
N
H
O Br
N-(7-(2-(4-Bromophenyl)acetamido)-1,8-naphthyridin-2-yl)-2-ethylhexanamide 47. 
Aminonaphthyridine 39 (100 mg, 0.35 mmol), 4-bromophenylacetic acid (225 mg, 1.1 mmol), 
DMAP (9 mg, 70 µmol), and EDC (201 mg, 1.1 mmol) in CH2Cl2 (2 mL) were treated for 12 h 
according to the general method The crude residue was purified by flash chromatography (SiO2, 
step gradient from 1:4 (v:v) ethyl acetate:petroleum ether to 1:1 (v:v) ethyl acetate:petroleum 
ether, Rf = 0.66 in 1:1 (v:v) ethyl acetate:petroleum ether) affording 47 (164 mg, 97%) as an off-
white foam: 1H NMR (400 MHz; CDCl3): ( 8.47 (d, J = 8.8, 1H), 8.41 (d, J = 8.8, 1H), 8.13 (d, J 
= 7.2, 1H), 8.13 (d, J = 7.2, 1H), 8.09 (bs, 1H), 8.00 (bs, 1H), 7.54–7.53 (m, 2H), 7.23–7.22 (m, 
2H), 3.78 (s, 2H), 2.22–2.16 (m, 1H), 1.77-1.67 (m, 2H), 1.64-1.57 (m, 2H), 1.31–1.32 (m, 4H), 
0.97 (t, J = 7.4, 3H), 0.87 (t, J = 7.0, 3H); 13C NMR (101 MHz; CDCl3): ( 175.5, 169.6, 153.9, 
153.7, 153.6, 139.3, 139.2, 132.6, 131.4, 122.2, 118.6, 113.9, 113.4, 51.2, 44.6, 32.6, 29.9, 26.2, 
22.9, 14.1, 12.2; IR (nujol, cm–1) 1691 (C=O); UV &max (CHCl3) 347 nm; ESI-HRMS calcd for 
[C24H27N4O2Br!H]+ 483.1396, found 483.1412.
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11-Azido-N-(7-(2-ethylhexanamido)-1,8-naphthyridin-2-yl)undecanamide 48. A stirred 
suspension of 11-bromoundecanoic acid (95%, 20 g, 75 mmol) and sodium azide (5.4 g, 83 
mmol) in DMF (100 mL) was heated at 65 °C for 20 h. The solvent was removed in vacuo and 
the brown mixture was partitioned between 0.1 M aqueous NaOH (50 mL) and CH2Cl2 (100 
mL). The organic portion was extracted with 0.1 M aqueous NaOH (2 # 50 mL) and the 
combined aqueous portions were washed with CH2Cl2 (3 # 30 mL). The aqueous portion was 
acidified (pH = 3) by addition of 6 M aqueous HCl and was extracted with CH2Cl2 (3 # 50 mL). 
The organic portion was dried over sodium sulfate, gravity  filtered, and concentrated in vacuo to 
give 11-azidoundecanoic acid (17 g, 99%) as a pale brown liquid that gave characterization 
consistent with the literature:251 1H NMR (500 MHz; CDCl3): ( 10.60 (bs, 1H), 3.19 (t, J = 7.0, 
2H), 2.22 (t, J = 7.4, 2H), 1.57–1.48 (m, 4H), 1.28–1.20 (m, 12H); 13C NMR (126 MHz; CDCl3): 
( 177.1, 51.4, 36.6, 34.1, 31.5, 29.4, 29.3, 29.2, 28.8, 26.7, 24.9; ESI-HRMS calcd for 
[C11H21N3O2!Na]+ 250.1531, found 250.1538.
Aminonaphthyridine 39 (100 mg, 0.35 mmol), 11-azidoundecanoic acid (163 mg, 0.70 mmol), 
DMAP (13 mg, 0.10 mmol), and EDC (134 mg, 0.70 mmol) in CH2Cl2 (2 mL) were treated for 
24 h according to the general method. The crude residue was purified by flash chromatography 
(SiO2, step  gradient from 1:4 (v:v) ethyl acetate:petroleum ether to 1:1 (v:v) ethyl 
acetate:petroleum ether, Rf = 0.7 in 1:1 (v:v) ethyl acetate:petroleum ether) affording 48 (155 mg, 
90%) as an opaque, amorphous solid: 1H NMR (400 MHz; CDCl3): ( 8.58 (s, 1H), 8.52 (s, 1H), 
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8.49 (d, J = 9.2, 2H), 8.45 (d, J = 9.2, 1H), 8.14 (d, J = 8.8, 1H), 8.14 (d, J = 8.8, 1H), 3.24 (t, J = 
7.0, 2H), 2.45 (t, J = 7.5, 2H), 2.23–2.22 (m, 1H), 1.77–1.67 (m, 4H), 1.61–1.54 (m, 4H), 1.30–
1.25 (m, 16H), 0.96 (t, J = 7.4, 3H), 0.86 (t, J = 7.0, 3H); 13C NMR (101 MHz; CDCl3): ( 175.6, 
172.5, 154.1, 154.0, 139.2, 118.5, 113.7, 113.6, 51.6, 51.0, 38.1, 32.6, 29.9, 29.5, 29.4, 29.4, 
29.2, 29.0, 26.8, 26.2, 25.4, 22.9, 14.1, 12.2; IR (CCl4, cm–1) 3303 (NH), 2088 (-N3), 1706,1691 
(C=O); UV &max (CHCl3) 347 nm; ESI-HRMS calcd for [C27H41N7O2!H]+ 496.3400, found 
496.3378.
N NN
H
N
O
H
O
N - (7 - (2 -Ethy lhexanamido) -1 ,8 -naphthyr id in -2 -y l )undec -10 -ynamide 49 . 
Aminonaphthyridine 39 (100 mg, 0.35 mmol), 10-undecynoic acid (127 mg, 0.70 mmol), 
DMAP (13 mg, 0.10 mmol), and EDC (134 mg, 0.70 mmol) in CH2Cl2 (2 mL) were treated for 
24 h according to the general method. The crude residue was purified by flash chromatography 
(SiO2, step  gradient from 1:4 (v:v) ethyl acetate:petroleum ether to 1:1 (v:v) ethyl 
acetate:petroleum ether, Rf = 0.7 in 1:1 (v:v) ethyl acetate:petroleum ether) affording 49 (154 mg, 
98%) as a white powder: mp 115–116 °C; 1H NMR (400 MHz; CDCl3) ( 8.48 (d, J = 8.8, 1H), 
8.44 (d, J = 8.8, 1H), 8.23 (br s, 1H), 8.21 (br s, 1H), 8.14 (d, J = 8.4, 1H), 8.14 (d, J = 8.4, 1H), 
2.46 (t, J = 7.5, 2H), 2.26–2.21 (m, 1H), 2.18 (td, J = 7.0, 2.7, 2H), 1.94 (t, J = 2.6, 1H), 1.79–
1.68 (m, 4H), 1.65–1.49 (m, 4H), 1.44–1.30 (m, 12H), 0.98 (t, J = 7.4, 3H), 0.88 (t, J = 7.0, 3H); 
13C NMR (101 MHz; CDCl3) ( 175.5, 172.4, 153.9, 153.9, 153.8, 139.2, 118.5, 113.7, 113.5, 
84.9, 68.3, 51.2, 38.2, 32.6, 29.9, 29.3, 29.2, 29.0, 28.8, 28.6, 26.2, 25.4, 22.9, 18.5, 14.1, 12.2; 
IR (CCl4, cm–1) 1698 (C=O); UV &max (CHCl3) 347 nm; ESI-HRMS calcd for [C27H38N4O2!H]+ 
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451.3073, found 451.3084. Anal. Calcd for C27H38N4O2: C, 71.97; H, 8.50; N, 12.43. Found: C, 
71.89; H, 8.66; N, 12.19.
N NN
H
N
OBr
H
O
N-(7-(2-(4-Bromophenyl)acetamido)-1,8-naphthyridin-2-yl)undec-10-ynamide 50. 
Aminonaphthyridine 43 (12 mg, 33 µmol), 10-undecynoic acid (18 mg, 100 µmol), DMAP (6 
mg, 49 µmol), and EDC (19 mg, 100 µmol) in CH2Cl2 (2 mL) were heated to 45 °C for 12 h and 
purified according to the general method. The crude residue was purified by flash 
chromatography  (SiO2, 1:1 (v:v) ethyl acetate:petroleum ether, Rf = 0.5 in 4:1 (v:v) ethyl 
acetate:petroleum ether) affording 50 (10.4 mg, 59%) as an opaque, amorphous solid: 1H NMR 
(500 MHz; CDCl3): ( 8.56 (bs, 1H), 8.45–8.38 (m, 3H), 8.13–8.11 (m, 2H), 7.50–7.49 (m, 2H), 
7.19–7.17 (m, 2H), 3.76 (s, 2H), 2.42 (t, J = 7.4, 2H), 2.17 (t, J = 5.8, 2H), 1.93 (s, 1H), 1.73–
1.66 (m, 2H), 1.53–1.49 (m, 2H), 1.32–1.29 (m, 8H); 13C NMR (126 MHz; CDCl3): ( 172.4, 
169.6, 154.1, 153.7, 153.6, 139.3, 139.2, 132.6, 132.6, 131.3, 122.2, 118.6, 113.8, 113.5, 84.8, 
68.3, 44.5, 38.1, 29.3, 29.2, 29.0, 28.8, 28.5, 25.3, 18.5; IR (CCl4, cm–1) 3313 (NH), 2119 (C&C), 
1709, 1691 (C=O); UV &max (CHCl3) 346 nm; ESI-HRMS calcd for [C27H29BrN4O2·H]+ 
521.1552, found 521.1544.
NN N
O
H
N
H
O
Br
N-(7-(2-Bromo-2-methylpropanamido)-1,8-naphthyridin-2-yl)-2-ethylhexanamide 51. 
Aminonaphthyridine 39 (100 mg, 0.35 mmol), bromoisobutyric acid (117 mg, 0.70 mmol), 
DMAP (13 mg, 0.10 mmol), and EDC (134 mg, 0.70 mmol) in CH2Cl2 (2 mL) were treated for 
24 h according to the general method. The crude residue was purified by flash chromatography 
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(SiO2, step  gradient from 1:4 (v:v) ethyl acetate:petroleum ether to 1:1 (v:v) ethyl 
acetate:petroleum ether, Rf = 0.65 in 1:1 (v:v) ethyl acetate:petroleum ether) affording 51 (148 
mg, 97%) as a white powder: mp 145–146 °C; 1H NMR (400 MHz; CDCl3): ( 9.20 (bs, 1H), 
8.50 (d, J = 8.8, 1H), 8.38 (d, J = 8.8, 1H), 8.29 (bs, 1H), 8.17 (d, J = 8.8, 1H), 8.16 (d, J = 8.8, 
1H), 2.26–2.19 (m, 1H), 2.06 (s, 6H), 1.74-1.63 (m, 2H), 1.66–1.53 (m, 2H), 1.30–1.28 (m, 4H), 
0.97 (t, J = 7.4, 3H), 0.87 (t, J = 7.0, 3H); 13C NMR (101 MHz; CDCl3): ( 175.5, 171.1, 154.0, 
153.7, 153.5, 139.3, 139.2, 118.7, 114.0, 113.0, 60.8, 51.2, 32.6, 32.2, 29.9, 26.2, 22.9, 14.1, 
12.2; IR (CCl4, cm–1) 1691 (C=O); UV &max (CHCl3) 347 nm; ESI-HRMS calcd for 
[C20H27N4O2Br!H]+ 435.1396, found 435.1386.
N NN
H
N
O
H
O
N-(7-(2-Ethylhexanamido)-1,8-naphthyridin-2-yl)undec-10-enamide 52. Aminonaphthyridine 
39 (500 mg, 1.75 mmol), 10-undecenoic acid (965 mg, 5.2 mmol), DMAP (43 mg, 0.35 mmol), 
and EDC (1.0 g, 5.2 mmol) in CH2Cl2 (10 mL) were treated for 24 h according to the general 
method. The crude residue was purified by flash chromatography (SiO2, step gradient from 
petroleum ether to 1:1 (v:v) ethyl acetate:petroleum ether, Rf = 0.65 in 1:1 (v:v) ethyl 
acetate:petroleum ether) affording 52 (580 mg, 74%) as a white amorphous solid: 1H NMR (400 
MHz; CDCl3): ( 8.48 (d, J = 8.8, 1H), 8.44 (d, J = 8.8, 1H), 8.36 (s, 2H), 8.14 (m, 2H), 5.80 (ddt, 
J = 17.0, 10.2, 6.7, 1H), 4.98 (dt, J = 17.1, 1.7, 1H), 4.92 (dt, J = 10.2, 1.0, 1H), 2.46 (t, J = 7.5, 
2H), 2.27–2.21 (m, 1H), 2.03 (q, J = 7.0, 2H), 1.78–1.69 (m, 4H), 1.64–1.53 (m, J = 6.5, 2H), 
1.39–1.30 (m, 12H), 0.97 (t, J = 7.4, 3H), 0.88 (t, J = 6.9, 3H); ESI-HRMS calcd for 
[C27H40N4O2·H]+ 453.3230, found 453.3219.
125
NN N
O
H
N
H
O
O
O4
4-Vinylbenzyl 10-(7-(2-ethylhexanamido)-1,8-naphthyridin-2-ylamino)-10-oxodecanoate 56. 
EDC (316 mg, 1.65 mmol) was added to a stirred solution of 39 (360 mg, 1.26 mmol), 53 (350 
mg, 1.10 mmol), and DMAP (7 mg, 60 µmol) in CH2Cl2 (10 mL). The suspension cleared after 
several minutes and the solution was kept  at rt  for 12 h. At this time, additional 53 (100 mg, 3 
mmol) and EDC (100 mg, 5 mmol) were added and the reaction was stirred an additional 6 h. 
The solution was washed with brine (2 # 20 mL) and water (2 # 20 mL), dried over Na2SO4, 
gravity filtered and concentrated in vacuo. The crude residue was purified by  flash 
chromatography  (SiO2, step gradient of 10% ethyl acetate/petroleum ether to 50% ethyl acetate/
petroleum ether, Rf = 0.2 in 50% ethyl acetate/petroleum ether) affording 56 (603mg, 94%) as an 
opaque amorphous solid: 1H NMR (500 MHz; CDCl3): ( 9.06 (bs, 1H), 8.95 (bs, 1H), 8.50 (d, J 
= 8.8, 1H), 8.46 (d, J = 8.8, 1H), 8.13 (dd, J = 8.9, 1.8, 2H), 7.38 (d, J = 8.1, 2H), 7.30 (d, J = 
8.1, 2H), 6.69 (dd, J = 17.6, 10.9, 1H), 5.74 (dd, J = 17.6, 0.7, 1H), 5.24 (dd, J = 10.9, 0.8, 1H), 
5.08 (s, 2H), 2.46 (t, J = 7.5, 2H), 2.33 (t, J = 7.5, 2H), 2.27 (m, 1H), 1.71 (m, 2H), 1.60 (m, 2H), 
1.28 (bs, 16H), 0.95 (t, J = 7.4, 3H), 0.85 (t, J = 7.1, 3H); 13C NMR (126 MHz; CDCl3): ( 179.1, 
175.9, 173.7, 172.9, 154.2, 139.4, 137.6, 136.4, 135.7, 128.6, 126.4, 118.2, 114.4, 113.8, 113.7, 
77.2, 65.9, 50.8, 38.0, 34.6, 34.4, 32.5, 29.8, 29.3, 29.2, 29.1, 26.1, 25.2, 25.0, 24.9, 22.9, 14.1, 
12.1; ESI-HRMS calcd for [C35H46N4O4·H]+ 587.3597, found 587.3605.
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4-(Acryloyloxy)butyl-4-((7-(2-ethylhexanamido)-1,8-naphthyridin-2-yl)amino)-4-
oxobutanoate 57. Aminonaphthyridine 39 (90 mg, 0.314 mmol), 54 (171 mg, 0.70 mmol), 
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DMAP (18 mg, 0.15 mmol), and EDC (135 mg, 0.70 mmol) in CH2Cl2 (2 mL) were treated for 
24 h according to the general method. The crude residue was purified by flash chromatography 
(SiO2, step  gradient from 1:4 (v:v) ethyl acetate:petroleum ether to 1:1 (v:v) ethyl 
acetate:petroleum ether, Rf = 0.8 in 1:1 (v:v) ethyl acetate:petroleum ether) affording 57 (129 mg, 
80%) as a colorless oil: 1H NMR (500 MHz; CDCl3): ( 10.67 (s, 1H), 9.11 (s, 1H), 8.49 (d, J = 
8.8, 1H), 8.42 (d, J = 8.8, 1H), 8.11 (d, J = 8.8, 2H), 6.40 (dd, J = 17.3, 1.4, 1H), 6.11 (dd, J = 
17.3, 10.4, 1H), 5.81 (dd, J = 10.4, 1.4, 1H), 4.18, (t, J = 6.0, 2H), 4.17 (t, J = 6.0, 2H), 3.11–
3.01 (m, 2H), 2.71 (t, J = 6.5, 2H), 2.33–2.27 (m, 1H), 1.76–1.75 (m, 4H), 1.70–1.66 (m, 2H), 
1.58–1.55 (m, 1H), 1.50–1.45 (m, 1H), 1.29–1.26 (m, 4H), 0.91 (t, J = 7.4, 3H), 0.83 (t, J = 6.9, 
3H); 13C NMR (126 MHz; CDCl3): ( 176.1, 173.6, 171.7, 166.3, 154.7, 154.3, 153.7, 139.1, 
139.0, 130.9, 128.5, 118.6, 114.4, 114.0, 64.5, 64.1, 50.2, 32.4, 31.7, 29.8, 28.8, 26.0, 25.4, 22.9, 
14.1, 12.1; IR (CCl4, cm–1) 1706, 1683 (C=O), 1608 (C=C); UV &max (CHCl3) 347 nm; ESI-
HRMS calcd for [C27H36N4O6!H]+ 513.2713, found 513.2702.
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DAN-Methacrylate 58. Aminonaphthyridine 40 (1.0 g, 4.3 mmol), 55 (50 wt % in CH2Cl2, 10.9 
g, 8.7 mmol), and 1-hydroxy-benzotriazole (120 mg, 0.87 mmol) in CH2Cl2 (16 mL) were cooled 
in an ice-water bath. EDC (1.67 g, 8.7 mmol) was added and the reaction was allowed to warm 
to ambient temperature and was kept for 48 h. The solution was diluted with CH2Cl2 (50 mL) 
and was washed with water (3 # 100 mL), dried over sodium sulfate and was concentrated in 
vacuo. This process was repeated several times and the resulting batches of 58 were combined to 
obtain 55 mL of a 35 mol % solution of 58 in CH2Cl2. Butylated hydroxytoluene was added as a 
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stabilizer (0.07 wt %) for transportation. Characterization: 1H NMR (400 MHz; CDCl3): (  9.14 
(s, 1H), 8.45 (d, J = 8.7, 2H), 8.41 (d, J = 8.8, 1H), 8.12 (d, J = 8.8, 2H), 6.12 (s, 2H), 5.57 (s, 
3H), 4.29 (m, 5H), 4.23 (m, 2H), 3.74 (m, 5H), 3.64 (s, 53H), 2.89 (m, 2H), 2.79 (m, 2H), 2.66 
(s, 3H), 1.94 (s, 6H), 1.32 (d, J = 5.3, 1H), 1.29 (d, J = 6.9, 5H), 1.16 (t, J = 7.4, 1H); IR (thin 
film, cm–1) 2869 (NH), 1710 (C=O), 1608 (C=C); UV &max (CH2Cl2) 346 nm; ESI-MS calcd for 
[(C12H14N4O)OC(CH2CH2)CO(OCH2CH2)nOOCC(CH2)CH3!H]+: (n = 4) 575.3, (n = 5) 619.3, (n 
= 6) 663.3, (n = 7) 707.4, (n = 8) 751.4, (n = 9) 795.4, (n = 10) 839.4, (n = 11) 883.5, (n = 12) 
927.5, found (n = 4) 576, (n = 5) 620, (n = 6) 664, (n = 7) 708, (n = 8) 752, (n = 9) 796, (n = 10) 
840, (n = 11) 884, (n = 12) 928.
N
N
O
H
H2N N
H
2-Amino-6-(propylamino)pyrimidin-4(3H)-one 63. A stirred suspension of 2-amino-6-
chloropyrimidinone76 (32.2 g, 221 mmol) and 1-aminopropane (170 mL, 2.1 mol) in n-butanol 
(300 mL) was heated to 130 °C for 48 h. The mixture became homogeneous upon heating and 
gave way  to a white suspension after several hours. The solvent was removed in vacuo and the 
crude residue was partitioned between water (200 mL) and CHCl3 (200 mL). A buff-colored solid 
partitioned in the aqueous portion and was washed with CHCl3 (4 # 100 mL). The combined 
organic portions were back-extracted with water (2 # 50 mL). The crude product was isolated 
from the combined aqueous portions by  vacuum filtration and was washed on the filter paper 
with water (1 L) followed by diethyl ether (300 mL) to give 63 (30.0 g, 81%) as a white powder: 
mp 251–255 °C; 1H NMR (500 MHz, DMSO-d6): ( 9.67 (s, 1H), 6.35 (s, 1H), 6.11 (bs, 2H), 
4.40 (s, 1H), 2.97 (s, 2H), 1.45 (sextet, J = 7.3, 2H), 0.85 (t, J = 7.4, 3H); 13C NMR (126 MHz, 
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DMSO-d6): ( 164.3, 162.9, 154.9, 75.1, 42.6, 22.2, 11.45; ESI-HRMS calcd for [C7H12N4O!H]+ 
169.1089, found 169.1086.
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N9-Propyl-deazaguanine ethyl ester 64. Sodium acetate (14.6 g, 180 mmol) in water (360 mL) 
was added to a stirred solution of 63 (30 g, 180 mmol) in DMF (1.44 L). The resulting pale 
yellow solution was cooled in an ice-water bath and ethyl-4-chloroacetoacetate (50 mL, 370 
mmol) was added portion-wise over 1 h via syringe. The reaction was allowed to warm to 
ambient temperature and was kept for 8 d. The yellow solution gave way to a dark black solution 
after 12 h and gradually became red with a white precipitate after 36 h. The red suspension was 
poured into water (4 L) and a yellow solid was removed by vacuum filtration. The filtrate was 
concentrated in vacuo and the red residue was washed with brine (3 # 100 mL) and water (3 # 
100 mL). The combined aqueous portions were back-extracted with CHCl3 (3 # 50 mL). The 
combined organic portions were dried over sodium sulfate, gravity filtered, and concentrated in 
vacuo. The crude residue was triturated with 9:1 (v:v) petroleum ether:ethyl acetate (3 # 600 mL) 
to give 64 (33.7 g, 68%) as a flesh-colored powder: 1H NMR (500 MHz, DMSO-d6): ( 10.25 (s, 
1H), 6.19 (s, 2H), 6.10 (s, 1H), 4.09 (q, J = 7.1, 2H), 3.79 (t, J = 7.7, 2H), 3.71 (s, 2H), 1.60 
(sextet, J = 7.5, 2H), 1.19 (t, J = 7.1, 3H), 0.82 (t, J = 7.4, 3H); 13C NMR (126 MHz, DMSO-d6): 
( 170.2, 158.3, 152.2, 150.7, 124.6, 101.2, 99.2, 60.6, 43.2, 32.2, 22.9, 14.1, 11.0; UV &max 
(CHCl3) 268 nm; ESI-HRMS calcd for [C13H18N4O3!H]+ 279.1457, found 279.1443.
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Ethyl 2-(2-amino-3-methyl-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-6-yl)
acetate 65. A suspension of 64 (3.9 g, 14 mmol) and potassium carbonate (4.7 g, 34 mmol) in 
DMF was cooled to 0 °C in an ice-water bath. Methyl iodide (1.7 mL, 28 mmol) was added drop 
wise and the suspension was stirred for 24 h. The mixture was concentrated in vacuo and the 
dark residue was suspended in 1:4 (v:v) ethyl acetate:petroleum ether, collected by vacuum 
filtration, dissolved in CH2Cl2 and was washed with water (2 # 50 mL) and brine (50 mL). The 
organic portion was dried over sodium sulfate, filtered through celite, and concentrated in vacuo. 
The crude residue was purified by flash chromatography (SiO2, step gradient from ethyl acetate 
to 9:1 (v:v) ethyl acetate in methanol) giving 65 (2.69 g, 65%) as a brown powder: 1H NMR (500 
MHz; DMSO-d6): ( 6.71 (s, 2H), 6.11 (s, 1H), 4.09 (q, J = 7.1, 2H), 3.82–3.79 (m, 2H), 3.72 (s, 
2H), 3.29 (s, 3H), 1.63–1.58 (m, 2H), 1.19 (t, J = 7.1, 3H), 0.82 (t, J = 7.4, 3H); 13C NMR (126 
MHz; DMSO-d6): ( 170.1, 157.8, 152.9, 148.9, 124.7, 101.2, 98.3, 60.5, 42.9, 32.2, 27.7, 22.9, 
14.1, 11.0; IR (nujol, cm–1) 3261 (NH), 2281 (NCO), 1714 (C=O); UV &max (CHCl3) 272 nm; 
ESI-HRMS calcd for [C14H20N4O3!H]+ 293.1614, found 293.1614. 
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N9-Propyl-deazaguanine urea, ethyl ester 70. butylisocyanate (4.3 mL, 38 mmol) was added 
to a solution of deazaguanine 64 (3.5 g, 13 mmol) in pyridine (100 mL). The solution was heated 
to 110 °C for 15 h. The solvent was removed in vacuo and the brown residue was dissolved in 
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CHCl3 (50 mL) and was washed with water (4 # 50 mL). The organic portion was dried over 
sodium sulfate, gravity filtered and concentrated in vacuo. The crude residue was triturated with 
1:1 (v:v) petroleum ether:acetone (2 # 100 mL), giving 70 (3.0 g, 63%) as a chalk-colored 
powder: 1H NMR (400 MHz; CDCl3): ( 11.28 (s, 1H), 9.44 (s, 1H), 8.97 (s, 1H), 6.85 (s, 1H), 
4.18 (q, J = 7.1, 2H), 3.98 (t, J = 7.5, 2H), 3.73 (s, 2H), 3.47 (q, J = 6.2, 2H), 1.77 (q, J = 7.4, 
2H), 1.64 (dt, J = 14.7, 7.3, 2H), 1.47 (dq, J = 15.0, 7.5, 2H), 1.28 (t, J = 7.1, 3H), 0.96 (dt, J = 
14.0, 7.1, 6H); 13C NMR (126 MHz; CDCl3): ( 170.1, 159.3, 154.2, 148.4, 146.5, 127.3, 103.4, 
102.6, 61.6, 44.7, 40.1, 33.2, 31.9, 23.6, 20.4, 14.3, 14.0, 11.5; ESI-HRMS calcd for 
[C18H27N5O4!H]+ 378.2141, found 378.2136.
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Ethyl 2-(2-(3-butylureido)-3-methyl-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo[2,3-d]
pyrimidin-6-yl)acetate 71. A suspension of N1(Me)-deazaguanine 65 (330 mg, 1.1 mmol) and 
pyridine (0.01 mL, 0.1 mmol) in butylisocyanate (1.0 mL, 9 mmol) was placed in an oil-bath and 
the temperature was brought to 90 °C over 40 min. The reaction was kept at 90 °C for 1.5 h and 
the mixture became homogenous. Upon cooling to ambient temperature, the black solution was 
diluted with ethyl acetate (2.5 mL) then with petroleum ether (20 mL). The brown precipitate 
was collected by  vacuum filtration and was washed on the filter paper with petroleum ether (200 
mL). The crude solid was purified by  flash chromatography (SiO2, ethyl acetate) affording 
compound 71 (100 mg, 22%) as an off-white powder: 1H NMR (500 MHz, CDCl3): ( 9.30 (t, J = 
5.2, 1H), 7.31 (s, 1H), 6.48 (s, 1H), 4.18 (q, J = 7.1, 2H), 3.95–3.94 (m, 2H), 3.68 (s, 2H), 3.58 
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(s, 3H), 3.40 (q, J = 6.3, 2H), 1.76 (sextet, J = 7.5, 2H), 1.64–1.58 (m, 2H), 1.49–1.41 (m, 2H), 
1.27 (t, J = 7.1, 3H), 0.97 (t, J = 7.3, 3H), 0.94 (t, J = 7.4, 3H); 13C NMR (500 MHz, CDCl3): ( 
169.9, 157.9, 153.5, 146.2, 145.4, 126.8, 103.2, 102.1, 61.6, 44.5, 40.1, 33.2, 32.0, 27.8, 23.7, 
20.4, 14.3, 13.9, 11.6; IR (nujol, cm–1) 3234 (NH), 1727 (C=O), 1689 (C=O); ESI-HRMS calcd 
for [C19H29N5O4·H]+ 392.2298, found 392.2299.
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Ethyl 2-(2-(3-(6-isocyanatohexyl)ureido)-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo[2,3-d]
pyrimidin-6-yl)acetate 73. A slurry of 64 (1.50 g, 5.4 mmol) in 1,6-hexanediisocyanate (7 mL, 
40 mmol) and pyridine (0.5 mL, 6 mmol) was heated to 100 °C for 4 h. Upon cooling to ambient 
temperature, the crude mixture was triturated with 3:1 (v:v) petroleum ether:acetone (25 mL), 
collected by gravity filtration, and was washed on the filter paper with 3:1 (v:v) petroleum 
ether:acetone (50 mL). The brown powder was suspended in acetone (15 mL), diluted with 
petroleum ether (45 mL), collected by gravity filtration, and was washed on the filter paper with 
3:1 (v:v) petroleum ether:acetone (50 mL) giving 73 (1.8 g, 74%) as an off-white powder: mp 
148 °C (dec); 1H NMR (400 MHz; CDCl3): ( 11.19 (s, 1H), 9.28 (s, 1H), 8.90 (s, 1H), 6.80 (s, 
1H), 4.19 (q, J = 7.1, 2H), 3.97 (t, J = 7.5, 2H), 3.73 (s, 2H), 3.46 (q, J = 6.4, 2H), 3.31 (t, J = 
6.6, 2H), 1.81–1.74 (m, 2H), 1.69–1.61 (m, 4H), 1.47–1.45 (m, 4H), 1.28 (t, J = 7.1, 3H), 0.94 (t, 
J = 7.5, 3H); 13C NMR (126 MHz; CDCl3): ( 170.0, 159.3, 154.2, 148.3, 146.5, 127.3, 103.4, 
102.6, 61.6, 44.8, 43.0, 40.3, 33.2, 31.3, 29.9, 26.6, 26.5, 23.6, 14.3, 11.6; IR (nujol, cm–1) 3295 
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(NH), 2264 (NCO), 1745 (C=O), 1660 (C=O), 1583 (NH); ESI-HRMS calcd for [C21H30N6O5!H]
+ 447.2356, found 447.2344.
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Ethyl 2-(2-(3-(dec-9-en-1-yl)ureido)-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo[2,3-d]
pyrimidin-6-yl)acetate 74. The method of Allen252 was adapted for the preparation of 9-decenyl 
isocyanate on 10 g scale with the only modification that the acyl azide was extracted from the 
aqueous phase, diluted with inert solvent and carefully  dried over basic alumina prior to 
performing the Curtius rearrangement. Vacuum distillation gave 9-undecenyl isocyanate (12 g, 
65%) as a colorless liquid: bp 51–56 °C at 0.26 torr; 1H NMR (400 MHz; CDCl3): ( 5.81 (ddt, J 
= 17.0, 10.3, 6.7, 1H), 4.99 (m, 1H), 4.93 (m, 1H), 3.29 (t, J = 6.7, 2H), 2.04 (m, 2H), 1.61 (m, 
2H), 1.37 (m, 4H), 1.30 (m, 6H).
A mixture of 64 (2.0 g, 7.2 mmol), 9-decenyl isocyanate (7.8 g, 43 mmol), and pyridine (3 drops) 
were heated to 90–100 °C and kept for 16 hours. The reaction was allowed to cool to ambient 
temperature and was diluted with ethyl acetate (1 mL) and petroleum ether to cause precipitation. 
The brown precipitate was collected by vacuum filtration and was washed on the filter paper 
with petroleum ether, affording 74 (2.1 g, 60%) as a tan powder: 1H NMR (400 MHz; CDCl3): ( 
11.25 (s, 1H), 9.41 (s, 1H), 8.96 (s, 1H), 6.84 (s, 1H), 5.80 (ddt, J = 17.0, 10.2, 6.7, 1H), 4.98 
(dd, J = 17.1, 1.8, 1H), 4.92 (dd, J = 10.2, 1.0, 1H), 4.18 (q, J = 7.1, 2H), 3.97 (t, J = 7.4, 2H), 
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3.73 (s, 2H), 3.45 (q, J = 6.2, 2H), 2.03 (q, J = 7.0, 2H), 1.81–1.72 (m, 2H), 1.67–1.60 (m, 2H), 
1.43–1.26 (m, 17H), 0.94 (t, J = 7.4, 3H); ESI-MS calcd for [C24H37N5O4!H]+ 460.3, found 
460.5.
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Ethyl 2-(2-(3-(6-isocyanatohexyl)ureido)-3-methyl-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo
[2,3-d]pyrimidin-6-yl)acetate 75. Pyridine (3 drops) was added to a suspension of 65 (330 mg, 
1.1 mmol) in 1,6-hexanediisocyanate (1.8 mL, 11 mmol). The mixture was placed in an oil-bath 
and the temperature was raised from ambient temperature to 90 °C over 40 min. After 4 h, the 
reaction was allowed to cool to ambient temperature. The crude mixture was added dropwise to 
petroleum ether (50 mL) and was stirred for 2 h. The tan precipitate was collected by vacuum 
filtration and was washed on the filter paper with petroleum ether (150 mL). The tan solid was 
triturated with petroleum ether, under ultrasonication, giving compound 75 (500 mg, 95%) as a 
tan solid that was determined to be a mixture of the desired compound and the corresponding 
biuret: 1H NMR (500 MHz; CDCl3): ( 7.14 (s, 2H), 6.59 (s, 1H), 4.20 (q, J = 7.1, 2H), 4.10–4.07 
(m, 2H), 3.74 (s, 2H), 3.46 (s, 3H), 3.30 (t, J = 6.6, 4H), 3.27–3.24 (m, 2H), 1.79–1.72 (m, 2H), 
1.64–1.53 (m, 6H), 1.44–1.34 (m, 6H), 1.30 (t, J = 7.1, 3H), 0.92 (t, J = 7, 3H); 13C NMR (126 
MHz; CDCl3): ( 169.8, 159.1, 153.9, 145.4, 143.5, 129.8, 107.0, 103.9, 61.9, 44.5, 43.1, 40.7, 
33.3, 31.3, 30.3, 29.7, 26.4, 24.2, 20.8, 14.4, 11.5; ESI-HRMS calcd for [C22H32N5O5!H]+ 
461.2512, found 461.2516.
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Ethyl 2-(2-(3-(dec-9-en-1-yl)ureido)-3-methyl-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-6-yl)acetate 76. A mixture of 65 (500 mg, 1.7 mmol), 9-decenyl isocyanate (930 
mg, 5.1 mmol), and pyridine (5 mL) were heated to 90–100 °C and kept for 16 hours. The 
solvent was removed in vacuo and gave a brown residue that was dissolved in CH2Cl2, washed 
with water (2 # 30 mL), and dried over sodium sulfate. The crude residue was purified by flash 
chromatography  (SiO2, step gradient of ethyl acetate to 5% methanol in ethyl acetate) and gave 
76 (465 mg, 57%) as a tan powder: 1H NMR (500 MHz; CDCl3): ( 9.28 (t, J = 5.3, 1H), 7.01 (s, 
1H), 6.48 (s, 1H), 5.80 (ddt, J = 17.0, 10.3, 6.7, 1H), 4.99 (dq, J = 17.1, 1.8, 1H), 4.93 (ddt, J = 
10.2, 2.1, 1.1, 1H), 4.18 (q, J = 7.1, 2H), 3.95 (t, J = 7.5, 2H), 3.68 (s, 2H), 3.57 (s, 3H), 3.39 (q, 
J = 6.4, 2H), 2.03 (q, J = 7.2, 2H), 1.76 (sextet, J = 7.4, 2H), 1.62 (dt, J = 14.7, 7.3, 2H), 1.44–
1.26 (m, 15H), 0.94 (t, J = 7.4, 3H); ESI-MS calcd for [C25H39N5O4!H]+ 474.3, found 474.5.
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Propylamino deazaguanine urea, carboxylic acid 78. 5% (w:v) aqueous LiOH (10 mL) was 
added to a stirred suspension of 70 (1.1 g, 2.9 mmol) in 95% ethanol (10 mL). The resulting 
solution was stirred at ambient temperature for 2 h, concentrated in vacuo, and diluted with water 
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(50 mL). The aqueous portion was washed with CHCl3 (3 # 20 mL) and acidified (pH = 2) by 
addition of 6 M aqueous HCl. The white precipitate was collected by  vacuum filtration and was 
washed on the filter-paper with water (200 mL). The opaque solid was dried in vacuo at ambient 
temperature to give 78 (1.01 g, 99%) as a brown powder: 1H NMR (500 MHz, DMSO-d6): ( 1H 
NMR (500 MHz; DMSO-d6): ( 12.59 (s, 1H), 11.40 (s, 1H), 9.62 (s, 1H), 7.13 (s, 1H), 6.24 (s, 
1H), 3.89 (t, J = 7.6, 2H), 3.70 (s, 2H), 3.16 (q, J = 6.3, 2H), 1.65 (sextet, J = 7.5, 2H), 1.45 
(quintet, J = 7.3, 2H), 1.32 (dq, J = 14.9, 7.4, 2H), 0.90 (t, J = 7.3, 3H), 0.84 (t, J = 7.4, 3H); 
ESI-HRMS calcd for [C16H23N5O4!H]+ 350.1828, found 350.1827.
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2-(2-(3-Butylureido)-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-6-yl)-N-
(prop-2-yn-1-yl)acetamide 79. A solution of 78 (500 mg, 1.4 mmol), propargyl amine (0.19 mL, 
2.9 mmol), and DMAP (35 mg, 0.3 mmol) in CH2Cl2 (5 mL) was cooled in an ice-water bath. 
EDC (160 mg, 2.9 mmol) was added and the reaction was allowed to stir at ambient temperature 
overnight. The reaction was diluted with CH2Cl2 (30 mL), was washed with water (2 #30 mL), 
brine (30 mL), and was dried over sodium sulfate. The crude residue was purified by  column 
chromatography  (SiO2, 2.5% methanol in CH2Cl2) giving 79 (490 mg, 89%) as an off-white 
powder: 1H NMR (400 MHz; DMSO-d6): ( 11.48 (s, 1H), 9.72 (s, 1H), 8.53 (t, J = 5.2, 1H), 7.31 
(s, 1H), 6.20 (s, 1H), 3.92–3.85 (m, 4H), 3.54 (s, 2H), 3.18–3.13 (m, 3H), 1.66–1.60 (m, 2H), 
1.48–1.41 (m, 2H), 1.36–1.29 (m, 2H), 0.89 (t, J = 7.3, 3H), 0.84 (t, J = 7.4, 3H).
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DeUG-alkyne 81. A suspension of 77 (1.01 g, 2.9 mmol), 4-pentyn-1-ol (0.35 mL, 3.7 mmol), 
and DPTS (150 mg, 0.57 mmol) in CH2Cl2 (10 mL) was cooled to 0 °C in an ice-water bath. 
After 10 min, EDC (830 mg, 4.3 mmol) was added with stirring and the reaction was kept at 0 
°C for 7 h. The suspension cleared after several hours and the reaction was allowed to warm to 
ambient temperature and was kept for an additional 12 h. The solution was diluted with CH2Cl2 
(20 mL) and was washed with water (2 # 20 mL) and brine (2 # 20 mL). The organic portion was 
dried over sodium sulfate, gravity filtered, and concentrated in vacuo. The crude residue was 
dissolved in CHCl3 (10 mL) and was filtered through a short plug of silica gel eluting with 10% 
methanol in CHCl3 to give 81 (1.1 g, 90%) as a pale green solid: 1H NMR (500 MHz; CDCl3): ( 
11.26 (s, 1H), 9.41 (s, 1H), 8.96 (s, 1H), 6.85 (s, 1H), 4.23 (t, J = 6.3, 2H), 3.97 (t, J = 7.5, 2H), 
3.74 (s, 2H), 3.46 (m, 2H), 2.27 (td, J = 7.0, 2.6, 2H), 1.98 (t, J = 2.7, 1H), 1.87 (quintet, J = 6.6, 
2H), 1.76 (dq, J = 15.0, 7.4, 2H), 1.62 (q, J = 7.4, 2H), 1.47 (dq, J = 15.0, 7.5, 2H), 0.95 (m, 6H); 
13C NMR (126 MHz; CDCl3): ( 170.0, 159.3, 154.1, 148.4, 146.6, 127.1, 103.5, 102.6, 83.0, 
69.3, 64.0, 44.7, 40.1, 33.1, 32.0, 27.5, 23.7, 20.4, 15.3, 14.0, 11.5; ESI-HRMS calcd for 
[C21H29N5O4!H]+ 416.2298, found 416.2300.
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Propylamino deazaguanine urea, EG transester 83. A mixture of 70 (100 mg, 0.26 mmol), 
potassium cyanide (17 mg, 0.26 mmol), and anhydrous ethylene glycol (5 mL, 89 mmol) was 
heated to 70 °C for 24 h. The brown solution was diluted with water (50 mL), extracted with 
CHCl3 (5 # 20 mL), dried over sodium sulfate and gravity filtered. The crude extracts were 
concentrated in vacuo affording 83 (97 mg, 84%) as an off-white solid: 1H NMR (500 MHz; 
CDCl3): ( 9.34 (s, 1H), 8.67 (s, 1H), 6.72 (s, 1H), 4.51 (s, 1H), 4.25 (s, 2H), 3.93 (t, J = 7.3, 2H), 
3.82 (t, J = 4.3, 2H), 3.73 (s, 2H), 3.36 (q, J = 6.2, 2H), 1.71 (dq, J = 14.7, 7.3, 2H), 1.58 
(quintet, J = 7.3, 2H), 1.42 (dq, J = 14.9, 7.4, 2H), 0.94 (t, J = 7.3, 3H), 0.89 (t, J = 7.4, 3H); 13C 
NMR (126 MHz; CDCl3): ( 170.1, 159.5, 154.4, 148.3, 146.3, 127.4, 102.8, 102.5, 67.2, 64.7, 
63.8, 60.5, 44.5, 40.0, 33.0, 31.8, 23.6, 20.3, 13.9, 11.4; ESI-HRMS calcd for [C18H27N5O5!H]+ 
394.2, found 394.3.
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Propylamino deazaguanine urea, TEG transester 84. A solution of 70 (10 g, 26 mmol), 
potassium cyanide (1.9 g, 29 mmol), and anhydrous triethylene glycol (71 mL, 530 mmol) was 
heated to 70 °C for 65 h. The vessel was periodically evacuated and backfilled with dry N2. The 
black solution was allowed to cool to ambient temperature and was diluted with CHCl3 (200 
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mL), washed with brine (700 mL), dried over sodium sulfate, gravity filtered, and concentrated 
in vacuo. The brown residue was purified by column chromatography (SiO2, step gradient from 
CHCl3 to 5% methanol in CHCl3) giving 84 (9.4 g, 73%) as a brown residue that was determined 
to be ~95% pure by  1H NMR: 1H NMR (500 MHz; CDCl3): ( 11.28 (s, 1H), 9.33 (s, 1H), 8.86 (s, 
1H), 6.81 (s, 1H), 4.29 (t, J = 4.6, 2H), 3.97 (t, J = 7.3, 2H), 3.78 (s, 2H), 3.73 (d, J = 14.5, 4H), 
3.63 (td, J = 8.5, 5.1, 6H), 3.45 (q, J = 6.1, 2H), 2.92 (s, 1H), 1.81 (s, 2H), 1.76 (dd, J = 14.7, 7.4, 
2H), 1.63 (dd, J = 14.6, 7.4, 2H), 1.46 (dq, J = 14.9, 7.4, 2H), 0.95 (dt, J = 19.1, 7.3, 6H); 13C 
NMR (126 MHz; CDCl3): ( 170.0, 159.0, 154.3, 148.1, 146.5, 127.3, 123.4, 103.3, 102.4, 72.6, 
70.7, 70.4, 69.0, 67.1, 64.5, 61.7, 44.6, 40.1, 32.9, 31.9, 23.6, 20.3, 13.9, 11.4; ESI-MS calcd for 
[C22H35N5O7!H]+ 482.3, found 482.3.
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1-Butyl-3-(6-(2-hydrazinyl-2-oxoethyl)-4-oxo-7-propyl-4,7-dihydro-3H-pyrrolo[2,3-d]
pyrimidin-2-yl)urea 85. Hydrazine hydrate (55%, 0.06 mL, 1 mmol) was added to a solution of 
70 (100 mg, 265 µmol) in 95% ethanol and the reaction was stirred at ambient temperature 24 h. 
The solution gave way to a precipitate that was collected by vacuum filtration, was washed with 
CH2Cl2, and dried in vacuo affording 85 (90 mg, 90%) as a tan solid that  was used without 
further purification: ESI-HRMS calcd for [C16H25N7O3·H]+ 364.2097, found 364.2079. 
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1-(2-(2-(2-(3-Butylureido)-7-(cyclohexylmethyl)-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]
pyrimidin-6-yl)acetoxy)ethyl) 10-(4-vinylbenzyl) decanedioate 86. EDC (302 mg, 1.57 mmol) 
was added to a stirred solution of 82 (440 mg, 0.98 mmol), DPTS (28 mg, 98 µmol), and 53 (344 
mg, 1.08 mmol) in CH2Cl2 (10 mL). The mixture cleared after several minutes and the reaction 
was kept at ambient temperature for 18h. The pale yellow solution was washed with brine (2 # 
20 mL) and water (2 # 20 mL) and the organic portion was dried over sodium sulfate, gravity 
filtered, and concentrated in vacuo. The crude residue was purified by flash chromatography 
(SiO2, step gradient from CHCl3 to 2% methanol in CHCl3, Rf = 0.45 in 2% methanol in CHCl3) 
affording of 86 (605 mg, 82%) as a colorless oil that  solidified on standing: 1H NMR (500 MHz; 
CDCl3): ( 11.22 (s, 1H), 9.40 (s, 1H), 8.95 (s, 1H), 7.39 (d, J = 8.1, 2H), 7.30 (d, J = 8.1, 2H), 
6.86 (s, 1H), 6.70 (dd, J = 17.6, 10.9, 1H), 5.75 (dd, J = 17.6, 0.9, 1H), 5.25 (dd, J = 10.9, 0.8, 
1H), 5.08 (s, 2H), 4.33–4.29 (m, 4H), 3.84 (d, J = 7.5, 2H), 3.76 (s, 2H), 3.46 (dt, J = 13.0, 6.7, 
2H), 2.32 (dt, J = 10.5, 7.6, 4H), 1.73 (d, J = 15.0, 5H), 1.63 (dt, J = 15.2, 7.8, 8H), 1.47 (dq, J = 
15.1, 7.5, 2H), 1.27 (s, 9H), 1.16 (s, 3H), 0.97 (t, J = 7.4, 4H); 13C NMR (126 MHz; CDCl3): ( 
173.8, 173.7, 169.7, 159.3, 154.1, 148.7, 146.4, 137.6, 136.5, 135.7, 128.6, 127.2, 126.5, 114.4, 
103.6, 102.5, 60.0, 63.3, 61.9, 49.4, 40.2, 39.2, 39.1, 36.9, 34.4, 34.2, 33.1, 32.3, 31.2, 29.2, 26.4, 
25.9, 25.0, 24.9, 20.5, 14.0; ESI-HRMS calcd for [C41H57N5O8·H]+ 748.4285, found 748.4274.
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2-(2-(4-Bromophenyl)acetoxy)ethyl 2-(2-(3-butylureido)-4-oxo-7-propyl-4,7-dihydro-3H-
pyrrolo[2,3-d]pyrimidin-6-yl)acetate 87. A solution of 83 (400 mg, 1.0 mmol), 4-
bromophenylacetic acid (260 mg, 1.2 mmol), and DPTS (56 mg, 0.2 mmol) in CH2Cl2 (15 mL) 
were cooled in an ice-water bath. EDC (250 mg, 1.3 mmol) was added and the reaction was 
allowed to warm to ambient temperature and was kept for 12 h. The solution was diluted with 
CH2Cl2 (30 mL) and was washed with water (3 # 50 mL), brine (50 mL), and was dried over 
sodium sulfate. The crude residue was purified by flash chromatography (SiO2, step gradient 
from CH2Cl2 to 5% methanol in CH2Cl2) affording 87 (470 mg, 79%) as an amorphous solid: 1H 
NMR (500 MHz; CDCl3): ( 11.29 (s, 1H), 9.45 (s, 1H), 8.94 (s, 1H), 7.43 (d, J = 8.4, 2H), 7.14 
(d, J = 8.3, 2H), 6.87 (s, 1H), 3.96 (t, J = 7.4, 2H), 3.73 (s, 2H), 3.59 (s, 2H), 3.45 (q, J = 6.2, 
2H), 1.75 (m, 2H), 1.65–1.59 (m, 2H), 1.46 (dq, J = 14.9, 7.4, 2H), 0.96 (t, J = 7.4, 3H), 0.93 
(dd, J = 8.7, 6.1, 3H).
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DeUG-Methacrylate 88. The synthesis of 88 was performed collaboratively  with Darrell W. 
Kuykendall. A solution of 83 (1.0 g, 2.4 mmol), 55 (50 wt % in CH2Cl2, 6.4 g, 5.4 mmol), and 
DMAP (62 mg, 0.50 mmol) in CH2Cl2 (16 mL) were cooled in an ice-water bath. EDC (1.0 g, 
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5.0 mmol) was added and the reaction was allowed to warm to ambient temperature and was 
kept for 48 h. The solution was diluted with CH2Cl2 (100 mL), was washed with water (3 # 100 
mL), dried over sodium sulfate and concentrated in vacuo. The process was repeated several 
times and the combined batches of 88 were diluted with CH2Cl2 to prepare a 50 mol % solution 
of the active compound. Characterization: 1H NMR (400 MHz; CDCl3): ( 9.44 (s, 1H), 7.78 (s, 
1H), 6.60 (s, 1H), 6.12 (s, 6H), 5.57 (s, 6H), 4.35-4.24 (m, 27H), 3.98 (m, 2H), 3.81 (m, 1H), 
3.74 (t, J = 4.9, 14H), 3.63 (m, 186H), 3.35 (m, 3H), 2.65–2.58 (m, 16H), 1.94 (s, 17H), 1.75 (m, 
3H), 1.57 (m, 3H), 1.41 (m, 3H), 1.31 (d, J = 5.4, 3H), 1.15 (m, 2H), 0.95 (t, J = 7.3, 8H); ESI-
MS calcd for [(C18H27N5O5)OC(CH2CH2)CO(OCH2CH2)nOOCC(CH2)CH3!H]+: (n = 4) 738.4, (n 
= 5) 782.4, (n = 6) 826.4, (n = 7) 870.4, (n = 8) 914.5, (n = 9) 958.5, (n = 10) 1002.5, (n = 11) 
1046.5, (n = 12) 1090.6, found (n = 4) 739, (n = 5) 783, (n = 6) 827, (n = 7) 871, (n = 8) 915, (n 
= 9) 959, (n = 10) 1003, (n = 11) 1047, (n = 12) 1091.
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1-(2-(3-(6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl) 10-(4-vinylbenzyl) 
decanedioate 89. A suspension of 53 (7.00 g, 22.0 mmol), 1-(2-hydroxyethyl)-3-(6-methyl-4-
oxo-1,4-dihydropyrimidin-2-yl)urea (9.33 g, 44.0 mmol),81 EDC (6.32 g, 33.0 mmol), and DPTS 
(1.3 g, 4.4 mmol) in DMF (75 mL) was heated to 70 °C for 24 h. The solvent was removed in 
vacuo to give a white residue that was partitioned between CHCl3 (200 mL) and water (300 mL). 
The organic portion was collected and the aqueous portion was extracted with CHCl3 (3 # 100 
mL). The combined organic extracts were washed with water (200 mL), brine (3 # 100 mL), 
dried over sodium sulfate, gravity filtered and dried in vacuo. The opaque residue was 
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recrystallized from 95% ethanol to give 89 (6.4 g, 57%) as a white powder: mp  87–89 °C; 1H 
NMR (500 MHz; CDCl3): ( 12.98 (s, 1H), 11.93 (s, 1H), 10.44 (s, 1H), 7.39 (d, J = 8.2, 2H), 
7.30 (d, J = 8.2, 2H), 6.70 (dd, J = 17.6, 10.9, 1H), 5.78 (s, 1H), 5.75 (d, J = 17.6, 1H), 5.25 (d, J 
= 10.9, 1H), 5.08 (s, 2H), 4.21 (t, J = 5.7, 2H), 3.52 (q, J = 5.6, 2H), 2.32 (q, J = 8.2, 4H), 2.22 
(s, 3H), 1.60 (d, J = 7.2, 4H), 1.26 (s, 8H); 13C NMR (126 MHz; CDCl3): ( 173.9, 173.7, 173.0, 
156.9, 154.7, 148.4, 137.6, 136.5, 135.7, 128.6, 126.5, 114.4, 106.9, 66.0, 62.6, 39.0, 34.4, 34.3, 
29.26, 29.25, 29.24, 29.2, 25.0, 24.9, 19.1; ESI-HRMS calcd for [C27H36N4O6·H]+ 513.2713, 
found 513.2703. Anal. Calc’d for: C, 63.26; H, 7.08; N, 10.93; Found: C, 62.31; H, 7.16 ; N, 
10.70.
Polystyrene-graft-DAN 90. A Schlenk flask charged with a degassed solution (via nitrogen 
stream, 45 min) of 2,2’-azobis(2-methylpropionitrile) (AIBN) (35 mg, 21 mmol), 56 (5.3 g, 9.0 
mmol), and styrene (9.4 mL, 82 mmol) in benzene (45 mL) was placed in an oil-bath heated to 
65 °C and the polymerization was stirred for 30 h. The viscous solution was diluted with CH2Cl2 
(20 mL) and was added slowly to methanol (800 mL). The resulting white residue was 
redissolved in CH2Cl2 and further purified by  an additional reprecipitation from methanol 
affording 56 (6.14 g, 44 % recovery) as a white powder: 1H NMR (500 MHz; CD2Cl2): ( 8.45 (br 
s, 2H), 8.07 (br s, 2H), 7.04–6.46 (br m, 45H), 4.98 (br s, 2H), 2.40 (br s, 2H), 2.30–2.20 (br m, 
4H), 1.78 (br s, 6H), 1.59–1.16 (br m, 45H), 0.88 (br s, 3H), 0.80 (br s, 3H).
Polystyrene-graft-DeUG 91. A Schlenk flask charged with a degassed solution (via nitrogen 
stream, 45 min) of AIBN (5 mg, 30 µmol), 88 (600 mg, 0.80 mmol), and styrene (0.9 mL, 7.9 
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mmol) in benzene (11 mL) was placed in an oil-bath heated to 90 °C and the polymerization was 
stirred for 30 h. The solution was concentrated in vacuo and reprecipitated from methanol (400 
mL). The crude solid was dissolved in CH2Cl2 (5 mL) and reprecipitated from methanol (400 
mL) affording 88 (510 mg, 32% recovery) as a white powder: 1H NMR (500 MHz; CD2Cl2): ( 
7.10–6.40 (br m, 63H), 4.99 (br s, 2H), 4.31–4.25 (br m, 4H), 3.87 (br s, 2H), 3.73 (br s, 2H), 
3.36 (br s, 2H), 2.29 (br s, 4H), 1.43 (br m, 79H), 0.96–0.94 (br m, 4H).
Polystyrene-graft-UPy 92. A Schlenk flask charged with a degassed solution (via nitrogen 
stream, 45 min) of AIBN (22 mg, 0.13 mmol), 89 (1.2 g, 2.3 mmol), and styrene (1.6 mL, 14 
mmol) in benzene (17.5 mL) was placed in an oil-bath heated to 60 °C and the polymerization 
was stirred for 25 h. The viscous solution was diluted with DMSO (2 mL) and added dropwise to 
stirred methanol (150 mL). The white precipitate was collected by vacuum filtration and was 
further purified by  reprecipitation of a solution of 92 in DMSO from methanol to give 92 (920 
mg, 35% recovery) as a white powder: 1H NMR (500 MHz; DMSO-d6): ( 7.2–6.2 (br m, 40H), 
5.74 (br s, 1H), 4.98 (br s, 2H), 4.06 (br s, 2H), 3.37 (br s, 2H), 2.3–1.0 (br m, 45H).
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11-Amino-N-(7-(2-ethylhexanamido)-1,8-naphthyridin-2-yl)undecanamide 93 . 
Triphenylphosphine (845 mg, 3.2 mmol) was added portionwise to a solution of 48 (800 mg, 1.0 
mmol) in THF (10 mL) after several hours, water (2 mL) was added and the reaction was stirred 
at ambient temperature overnight. The solvent was removed in vacuo and the crude residue was 
purified by flash chromatography (SiO2, step gradient of petroleum ether:ethyl acetate to 
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methanol:ethyl acetate) affording 93 (755 mg, 98%) as a white foam: 1H NMR (500 MHz; 
CDCl3): ( 9.27 (s, 1H), 9.16 (s, 1H), 8.47 (d, J = 8.8, 1H), 8.43 (d, J = 8.9, 1H), 8.12–8.10 (m, 
2H), 2.78 (t, J = 6.4, 2H), 2.51 (t, J = 7.3, 2H), 2.38–2.37 (m, 1H), 1.77–1.71 (m, 4H), 1.62–1.49 
(m, 4H), 1.40–1.37 (m, 2H), 1.32 (s, 6H), 1.23 (s, 8H), 0.97 (t, J = 7.3, 3H), 0.87 (s, 3H).; ESI-
HRMS calcd for [C27H43N5O2·H]+ 470.3495, found 470.3474.
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Borylation of Polystyrene (Method 1): Borylated polystyrene 94 was obtained according to the 
method of Bae.172 Thus, heating polystyrene (75 kDa Mn, Aldrich, reprecipitated from methanol) 
(10 g, 97 mmol styrene mer units), [IrCl(COD)]2 (100 mg, 150 µmol), 4,4’-di-tert-butyl-2,2’-
dipyridyl (tBubpy) (80 mg, 300 µmol), and bis(pinacolato)diboron (2.4 g, 9.5 mmol), in 
cyclooctane (60 mL) at 130 °C for 8 h gave a yellow solution that was concentrated in vacuo and 
filtered through silica (SiO2), eluting with CH2Cl2. The filtrate was concentrated in vacuo and 
precipitated from methanol affording 94 (9.0 g, 80%) as a white amorphous solid: 1H NMR (500 
MHz; CD2Cl2) ( 7.63–7.34 (br m, 0.1H), 7.27–6.92 (br m, 3H), 6.78–6.29 (br m, 2H), 2.32–2.19 
(br m, 0.02H), 2.16–2.06 (br m, 0.1H), 2.03–1.67 (br m, 1H), 1.67–1.18 (br m, 4H); 13C NMR 
(126 MHz, CD2Cl2) ( 146.6–145.0, 134.8, 132.5, 131.1, 128.8–127.5, 126.3–125.6, 83.9, 46.9–
42.1, 41.1–40.4, 25.1; ICP-MS: 1.1 wt % B; Mn: 117 kDa; PDI: 2.8; Tg: 125 °C; Td: 390 °C.
Borylation of Polystyrene  (Method 2): Borylated polystyrene 94 was obtained by adapting the 
method of Bae reported for the functionalization of polysulfone.183 Thus, heating polystyrene (69 
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kDa Mn, Aldrich, reprecipitated from methanol) (5.6 g, 54 mmol styrene mer units), [IrCl(COD)]
2 (28 mg, 42 µmol), tBubpy (23 mg, 86 µmol), and bis(pinacolato)diboron (675 mg, 2.7 mmol), 
in THF (30 mL) at 85 °C for 6 h gave a dark solution that was 3-fold with CH2Cl2 and filtered 
through silica (SiO2), eluting with CH2Cl2. The filtrate was concentrated in vacuo and 
precipitated from methanol affording 94 (4.6 g, 76%) as a white amorphous solid: 1H NMR (500 
MHz; CDCl3) ( 7.64–7.41 (br m, 0.05H), 7.23–6.89 (br m, 3H), 6.78–6.34 (br m, 2H), 2.28–2.14 
(br m, 0.03H), 2.13–2.02 (br m, 0.1H), 1.98–1.71 (br m, 1H), 1.64–1.23 (br m, 3H); Mn: 122 
kDa; PDI: 1.3.
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Suzuki-Miyaura Cross-Coupling: DAN-functionalized polystyrene 95 was obtained by 
adapting the method of Bae.183 Thus, heating 94 (1 g, assume 1.3 mmol boronic ester), aryl-
bromide 47 (2.3 g, 4.8 mmol), K2CO3 (400 mg, 2.9 mmol), and Pd(PPh3)4 (55 mg, 50 µmol) in 
10:1 (v:v) THF:water (25 mL) at 75 °C for 12 h gave a yellow solution that was concentrated in 
vacuo and was filtered through SiO2 eluting with CH2Cl2. The filtrate was concentrated in vacuo 
and was precipitated from methanol giving 95 (1.1 g, 87%) as a pale yellow amorphous solid: 1H 
NMR (500 MHz; CDCl3) ( 8.50–8.45 (br m, 0.07H), 8.16–8.07 (br m, 0.09H), 7.58–7.51 (br m, 
0.04H), 7.43–7.32 (br m, 0.14H), 7.20–6.86 (br m, 3H), 6.80–6.30 (br m, 2H), 3.87–3.73 (br m, 
0.12), 2.23–2.14 (br m, 0.07H), 2.11–2.08 (br m, 0.1H), 1.99–1.66 (br m, 1H), 1.60–1.21 (br m, 
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4H), 0.98–0.92 (br m, 0.16H), 0.88–0.81 (br m, 0.18H); IR: (CCl4, cm–1) 3397, 3301 (NH), 1702 
(C=O); UV-Vis (&max, CH2Cl2): 346 nm; ICP-MS: 0.2 wt % B; Mn: 235 kDa; PDI: 2.5; Tg: 135 
°C; Td: 305 °C.
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N,N'-(1,8-Naphthyridine-2,7-diyl)bis(1H-imidazole-1-carboxamide) 111. A solution of 1786 
(0.50 g, 3.1 mmol), 1,1’-carbonyldiimidazole (1.5 g, 9.4 mmol), and imidazole (2.1 g, 31 mmol) 
in freshly distilled CHCl3 (10 mL) was heated to 80 °C for 4 h. The solvent was removed in 
vacuo and the tan solid was triturated with THF (2 # 10 mL), collected by vacuum filtration and 
washed on the filter paper with CH2Cl2 (20 mL) to give 111 (0.81 g, 74%) as a tan powder: 1H 
NMR (500 MHz, DMSO-d6): ( 12.04 (s, 2H), 7.63 (s, 2H), 7.57 (d, J = 8.4, 2H), 6.36 (d, J = 8.4, 
2H), 6.23 (s, 4H).
N N NN
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Bis-2-ethylhexyl bisureidonaphthyridine 112 (via Method 1). 2-Ethylhexylamine (0.05 mL, 
0.3 mmol) was added to a suspension of 111 (35 mg, 0.1 mmol) in CHCl3 (5 mL). The mixture 
was stirred at ambient temperature for 12 h and was concentrated in vacuo. The crude solid was 
triturated with CH2Cl2 (3 mL), collected by vacuum filtration and was washed on the filter-paper 
with CH2Cl2 (50 mL) giving 112 (27 mg, 57%) as an off-white solid: 1H NMR (500 MHz; 5% 
DMSO-d6 in CDCl3): ( 9.56 (s, 2H), 9.20 (s, 2H), 7.64 (d, J = 8.6, 2H), 6.86 (d, J = 8.7, 2H), 
3.14 (m, 4H), 1.42 (dquintet, J = 12.2, 6.1, 2H), 1.25 (m, 4H), 1.18–1.08 (m, 12H), 0.74 (t, J = 
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7.4, 6H), 0.66 (t, J = 7.0, 6H); 13C NMR (126 MHz; 5% DMSO-d6 in CDCl3): ( 155.5, 155.3, 
152.6, 137.7, 113.7, 111.3, 43.0, 39.4, 30.6, 28.6, 24.0, 22.8, 13.8, 10.6; ESI-MS calcd for 
[C26H42N6O2·H]+ 471.3, found 471.3.
Bis-2-ethylhexyl bisureidonaphthyridine 112 (Method 2). To a stirred suspension of 17 (1.0 g, 
6.2 mmol) and Et3N (8.8 mL, 63 mmol) in DMF (4 mL) were added 2-ethylhexyl isocyanate (2.4 
mL, 14 mmol) via syringe. The reaction was heated to 70 °C for 24 h. Upon cooling to ambient 
temperature, the mixture was diluted with CHCl3 (20 mL) and was washed with water (3 # 30 
mL) and brine (2 # 15 mL). The organic portion was dried over magnesium sulfate, filtered by 
gravity filtration, and was concentrated in vacuo to give a brown solid that was precipitated from 
CHCl3:petroleum ether to give a tan powder. The crude solid was further purified by flash 
chromatography  (SiO2, 2% methanol in CHCl3 (v:v), Rf = 0.3) affording 112 (1.74 g, 59%) as a 
white powder: mp 228 °C; 1H NMR (500 MHz, CDCl3): ( 9.80 (s, 2H), 8.03 (s, 2H), 7.89 (d, J = 
8.6, 2H), 6.81 (d, J = 8.7, 2H), 3.37 (qd, J = 6.4, 3.2, 4H), 1.63 (dquintet, J = 12.3, 6.2, 2H), 1.45 
(m, 4H), 1.36–1.29 (m, 12H), 0.95 (t, J = 7.4, 6H), 0.86 (t, J = 7.0, 6H); ESI-HRMS calcd for 
[C26H42N6O2·H]+ 471.34420, found 471.3459. Anal calcd for C26H42N6O2: C, 66.35; H, 8.99; N, 
17.86. Found: C, 66.43; H, 8.88; N, 17.66.
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1,1'-(1,8-Naphthyridine-2,7-diyl)bis(3-(2-butyl-2-(hydroxymethyl)hexyl)urea) 114. A stirred 
suspension of (50 mg, 0.14 mmol) of 111 and (55 mg, 0.29 mmol) of 113 in CHCl3 (1 mL) was 
stirred at ambient temperature overnight. The mixture was diluted with CHCl3 (10 mL) and the 
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crude product was collected by vacuum filtration. Washing on the filter paper with CHCl3 
afforded 114 (70 mg, 80%) as a tan solid: 1H NMR (500 MHz; DMSO-d6): ( 9.78 (s, 2H), 9.39 
(s, 2H), 8.11 (d, J = 8.6, 2H), 7.21 (d, J = 8.3, 2H), 4.54 (t, J = 5.6, 2H), 3.18 (m, 8H), 1.21–1.15 
(m, 24H), 0.83 (t, J = 6.3, 12H); ESI-MS calcd for [C32H53N6O4H]+ 587.4, found 587.2.
BocHN OH
tert-Butyl 2-butyl-2-(hydroxymethyl)hexylcarbamate 115. A solution of di-tert-butyl 
dicarbonate (4.3 mL, 19 mmol) in THF (2 mL) was added dropwise to a solution of 113 (3.5 g, 
19 mmol) in 1:1 (v:v) THF:water (30 mL). The reaction was stirred at ambient  temperature for 
48 h. Organic solvent was removed in vacuo and the white mixture was dissolved in diethyl ether 
(20 mL). The organic portion was washed with aqueous 0.5 M citric acid (2 # 30 mL), water (2 # 
30 mL), and brine (2 # 20 mL). The organic portion was dried over sodium sulfate, gravity 
filtered and concentrated in vacuo to give 115 (4.8 g, 89%) as a white amorphous solid. 
Analytical samples were prepared by flash chromatography: mp 77–79 °C; 1H NMR (500 MHz; 
CDCl3): ( 5.06 (t, J = 6.7, 1H), 3.14 (d, J = 7.0, 2H), 2.90 (d, J = 6.8, 2H), 1.97 (s, 1H), 1.37 (s, 
9H), 1.22–1.00 (m, 12H), 0.84 (t, J = 7.3, 6H); 13C NMR (125 MHz; CDCl3): ( 157.8, 79.7, 65.2, 
44.3, 41.5, 30.6, 28.4, 25.0, 23.6, 14.3; ESI-HRMS calcd for [C16H33NO3·H]+ 288.2539, found 
288.2542. Anal calcd for: C, 66.86; H, 11.57; N, 4.87. Found: C, 67.21; H, 12.40; N, 5.00.
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Bis(2-((tert-butoxycarbonylamino)methyl)-2-butylhexyl) 4,4'-(diazene-1,2-diyl)dibenzoate 
117. Et3N (0.5 mL) was added dropwise to a solution of 116,244 115 (860 mg, 3.0 mmol), and 
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DMAP (10 mg, 80 µmol) in CHCl3 (10 mL). The vessel was placed in an oil-bath heated to 75 
°C for 17 h. Upon cooling to room temperature, the red solution was washed with water (3 # 15 
mL), dried over sodium sulfate, gravity filtered, and dried in vacuo. The crude orange solid was 
purified by column chromatography (SiO2, step gradient from 5–10% ethyl acetate/petroleum 
ether, Rf = 0.7 in 1:1 ethyl acetate:petroleum ether) affording 117 (992 mg, 88%) as an orange 
powder: mp 160–163 °C; 1H NMR (500 MHz; CDCl3): ( 8.20 (4H), 8.01–7.99 (m, 4H), 4.83 (t, 
J = 6.2, 2H), 4.18 (s, 4H), 3.17 (d, J = 6.5, 4H), 1.43 (s, 18H), 1.33 (bs, 24H), 0.92 (t, J = 6.7, 
12H); 13C NMR (125 MHz; CDCl3): ( 155.1, 132.6, 130.8, 123.2, 123.2, 68.4, 44.6, 40.5, 31.9, 
28.5, 25.1, 23.6, 14.2; ESI-HRMS calcd for [C92H144N8O16·H]+ 1618.0779, found 1618.0710.
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Bis(2-(aminomethyl)-2-butylhexyl) 4,4'-(diazene-1,2-diyl)dibenzoate 118. Trifluoroacetic acid 
(TFA) (4 mL, 54 mmol) was added dropwise to a solution of 117 (850 mg, 1.1 mmol) in CH2Cl2 
(20 mL). The reaction was kept at room temperature 3.5 h. The solvent was removed in vacuo to 
give 785 mg (90%, as the bis-trifluoroacetate salt) of a red solid. A portion (295 mg) of the red 
solid was washed with 0.1 M aqueous NaOH (30 mL), dried over sodium sulfate, gravity filtered 
and concentrated in vacuo to give 118 (183 mg, 86% recovery of the diamine) as an orange 
powder: 1H NMR (500 MHz; CDCl3): ( 8.19 (d, J = 8.8, 4H), 8.00 (d, J = 8.7, 4H), 4.20 (s, 4H), 
2.66 (s, 4H), 1.36–1.25 (m, 24H), 0.92 (t, J = 7.1, 12H); ESI-HRMS calcd for [C36H56N4O4·H]+ 
609.4380, found 609.4377. Anal calcd for : C, 71.02; H, 9.27; N, 9.20. Found: C, 70.12; H, 9.39; 
N, 9.10.
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7-((5-Aminopentyl)oxy)-2H-chromen-2-one 121. Diisopropyl azodicarboxylate (0.34 mL, 1.7 
mmol) was added dropwise to a suspension of 7-hydroxycoumarin (280 mg, 1.7 mmol), 120 
(350 mg, 1.7 mmol), and triphenylphosphine (455 mg, 1.7 mmol) in THF (3 mL) and was 
allowed to stir at ambient temperature for 2 d. The yellow solution was concentrated in vacuo the 
crude residue was purified by  flash chromatography (SiO2, 1:2 (v:v) petroleum ether:ethyl 
acetate) affording crude tert-butyl (5-((2-oxo-2H-chromen-7-yl)oxy)pentyl)carbamate as a 
yellow oil that was carried forward without further purification: 1H NMR (400 MHz; CDCl3): ( 
7.63 (d, J = 9.5, 1H), 7.36 (d, J = 8.6, 1H), 6.83 (m, 1H), 6.79 (m, 1H), 6.30 (s, 1H), 6.25 (d, J = 
9.5, 1H), 5.03–4.92 (m, 2H), 4.05–3.97 (m, 2H), 3.21–3.09 (m, 2H), 1.88–1.79 (m, 2H), 1.60–
1.48 (m, 2H), 1.45 (s, 9H); ESI-MS calcd for [C19H25NO5·H]+ 348.2, found 348.4.
Crude tert-butyl (5-((2-oxo-2H-chromen-7-yl)oxy)pentyl)carbamate was diluted with 1:1 (v:v) 
trifluoroacetic acid:CH2Cl2 (8 mL) and stirred at ambient temperature for 2.5 h. The solution was 
diluted with water (15 mL) and saturated sodium carbonate solution (150 mL) and was extracted 
with CH2Cl2 (3 # 40 mL). The organic portion was washed with water (50 mL), brine (50 mL), 
and was dried over sodium sulfate to give compound 121 (760 mg). The yellow oil thus obtained 
was determined to be 45% pure by  NMR with diisopropyl hydrazine-1,2-dicarboxylate as the 
major impurity. The crude material was carried forward without further purification: 1H NMR 
(400 MHz; CDCl3): ( 7.64 (d, J = 9.4, 1H), 7.36 (d, J = 8.5, 1H), 6.83 (m, 1H), 6.80 (m, 1H), 
6.25 (d, J = 9.5, 1H), 4.98 (m, 2H), 4.02 (t, J = 6.4, 2H), 2.74 (m, 2H), 1.84 (m, 2H), 1.53 (m, 
4H); ESI-MS calcd for [C19H25NO5·H]+ 248.1, found 348.4.
151
N NN NN
O
N
O
H H H H
OO OO OO
1,1'-(1,8-Naphthyridine-2,7-diyl)bis(3-(5-((2-oxo-2H-chromen-7-yl)oxy)pentyl)urea) 122. A 
mixture of 121 (45% pure, 514 mg, 0.87 mmol) and 111 (140 mg, 0.39 mmol) in CDCl3 (20 mL) 
were stirred at  ambient temperature for 72 h. The solution became yellow with a tan solid in 
suspension. The solid was removed by vacuum filtration and the filtrate was washed with water 
(2 # 25 mL), brine (15 mL), dried over sodium sulfate, filtered and concentrated in vacuo. The 
crude yellow residue (345 mg) was dissolved in a minimum volume of 1:4 (v:v) methanol:CHCl3 
and was diluted with petroleum ether and allowed to stand overnight. The liquor was decanted 
and the process was repeated three times. Thus, 122 (100 mg, 34%) was obtained as a tan 
powder: 1H NMR (500 MHz; DMSO-d6): ( 9.81 (s, 2H), 9.43 (s, 2H), 8.08 (d, J = 8.7, 2H), 7.92 
(d, J = 9.5, 2H), 7.52 (d, J = 8.6, 2H), 7.14 (m, 2H), 6.87 (m, 2H), 6.84 (m, 2H), 6.24 (d, J = 9.5, 
2H), 4.04 (t, J = 6.4, 4H), 3.28 (m, 4H), 1.77 (m, 4H), 1.61 (m, 4H), 1.51 (m, 4H); ESI-MS calcd 
for [C38H38N6O8·H]+ 707.3, found 707.6.
6.3 Binding Studies
 6.3.1 1H NMR Titrations
All 1H NMR binding studies were conducted per the general guidelines described by Thordarson,
253 Hirose,254 and Connors.255 CDCl3 was passed through a column of dry, activated basic 
alumina (Brockmann I) and stored over 4 Å molecular sieves prior to use. DMSO-d6 was dried 
over activated 4 Å molecular sieves prior to use. NMR tubes and volumetric glassware were 
washed thoroughly with CHCl3 and methanol and dried in vacuo prior to use. CDCl3 used in 
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each titration was dried over activated basic alumina prior to use. All NMR binding data were 
acquired at 25 or 40 °C using 500 MHz instruments. A reasonable estimate of the binding 
constant, K, was made and [H]0, the total concentration of the host, was selected such that 100 
M–1 would be the minimum measurable binding constant. This ensures that  for K > 100 M–1, [H]0 
# K ' 0.1. A solution of the guest was titrated into a solution of the host such that the host was 
kept at a constant  [H]0 over the range of the titration. The observed change in chemical shift for a 
proton of interest  was plotted against [G]0/[H]0; non-linear curve fitting to a 1:1 binding isotherm 
allowed estimation of K. Data analysis was performed in Microsoft Excel and Microcal ORIGIN 
5.0.
 6.3.2 Job Analysis
1H NMR Job analyses were conducted per the general guidelines described by Thordarson,253 
Hirose,254 and Connors.255 Solvents and glassware were prepared as described above. NMR tubes 
and volumetric glassware were washed thoroughly  with CHCl3 and methanol and dried in vacuo 
prior to use. Stock solutions (~1.3 mM) of BUN and DeUG76 were prepared in 5% DMSO-d6/
CDCl3 and mixed giving 0.7–1 mL samples ranging from 0–100 mol% of either species for a 
total concentration of ~1.3 mM. Spectra were acquired on a Varian Unity  INOVA 500 MHz 
narrow-bore spectrometer outfitted with a temperature control unit. Data analysis was performed 
in Microsoft Excel.
 6.3.3 UV-Vis Titrations
All UV-Vis binding studies were conducted per the general guidelines described by 
Thordarson253 and Hirose.254 UV-Vis data were recorded on a Shimadzu UV-2501PC 
spectrophotometer, with temperature control unit, using matched quartz cuvettes (pathlength = 1 
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cm). UV-Vis spectra were recorded at 25 ± 0.1 °C. Solvents and glassware were prepared as 
described above. The molar absorptivity constant (') for each species of interest (e.g. host and 
guest) was determined. A stock solution of the host (500 µM) and guest (15 mM) were prepared 
and aliquots of each were mixed and diluted to the necessary concentrations. Data analysis was 
performed using Microsoft Excel and Microcal ORIGIN 5.0.
 6.3.4 Isothermal Titration Calorimetry
All ITC experiments were carried out using a Microcal, Inc. VP-ITC in the Microanalytical 
Laboratory at the University  of Illinois at Urbana-Champaign. The reference cell was filled with 
the appropriate solvent (CHCl3 or 5% DMSO in CHCl3) after washing with methanol, CHCl3, 
and finally the titration solvent. CHCl3, purified as described in the general methods, was passed 
through a column of dry, activated basic alumina and stored over 4 Å molecular sieves prior to 
use. DMSO was prepared as noted in the general methods. The sample cell was filled with a 
dilute solution of the host (after washing with methanol, CHCl3, and finally  the host solution) 
and the syringe was filled with a solution of the guest  at  a concentration approximately 20 times 
that of the cell concentration. The titrations were carried out using the following parameters: total 
injections, 28–40; injection volume, 6–10 µL; injection duration, 7–10 s; injection spacing, 150–
300 s; cell temperature, 25 °C or 40 °C; and stirring speed, 300–310 rpm. The heat of dilution of 
the titrant (i.e. guest in CHCl3 or 5% DMSO in CHCl3) was determined and subtracted from the 
data sets prior to using ORIGIN 5.0 software to generate a binding curve via the single-site 
binding model. The fit of the binding curve reveals the Kassoc, enthalpy change ((H), entropy 
change ((S) and binding stoichiometry (n).
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6.4 Surface Modification Procedures
Deionized water was obtained from Millipore water purification units. Glass microscope slides 
(Gold Seal) and silicon wafers (Ted Pella, Inc.) were rinsed with 95% ethanol, deionized water, 
and were treated with 7:3 (v:v) conc. H2SO4:30% aq. H2O2 (Piranha) for 20 min. Extreme 
precautions were taken to ensure that piranha solution did not come into contact  with organic 
residues! The freshly cleaned and oxidized substrates were washed with deionized water and 
95% ethanol and allowed to air-dry for several hours. The substrates were loaded into a vacuum 
desiccator to which a small vial containing 1 mL of (3-aminopropyl)triethoxysilane (APTES) 
was added. The chambers were evacuated and backfilled with nitrogen one time before the 
pressure was brought to 0.5 torr. The pressure in each chamber was periodically  monitored and 
the chambers were evacuated as needed to maintain 0.5–1 torr over 24 h. The chambers were 
carefully  backfilled, and the samples were removed and washed sequentially with 95% ethanol, 
deionized water, and finally with 95% ethanol. Upon air-drying for several hours, the APTES-
coated substrates were immersed in a solution of butylisocyanate, or a suspension of isocyanates 
46, 73, 75, and 97, in a 0.1 vol % solution of Et3N in toluene. The amount of isocyanate used 
could produce a maximum concentration of 4.5 mM. The mixtures were placed in an ultrasonic 
bath and kept at 50–60 °C for 24 h. APTES films used for mechanical tests were treated as 
above, without exposure to an isocyanate. Freshly treated surfaces were washed by immersing 
the slides in toluene, 95% ethanol, deionized water, and 95% ethanol, sonicating for 10–15 min 
and decanting the solvent between each wash. With the exception of bare SiO2 substrates, 
samples were allowed to air-dry  overnight prior to surface analysis or use in the preparation of 
mechanical test specimens.
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6.5 Contact Angle and Surface Energy Determination
Contact angles and surface energies were measured using a Ramé-Hart 120-FO goniometer 
operating DROPimage CA software. Glass microscope slides, prepared as described above, were 
washed sequentially with 95% ethanol, water, 95% ethanol, CH2Cl2, and were dried under a 
stream of dry nitrogen prior to analysis. Water contact angles were determined by  injecting 10 
µL of deionized water onto the sample, allowing the drop to equilibrate 30–60 s, and recording 
the mean contact angle (i.e., average of left  and right contact angle). Data were collected from 5–
7 droplets per sample and two unique samples were evaluated per set, thus 10–14 measurements 
were made per surface type. Error represents plus or minus one standard deviation. Surface 
energies were measured by collecting additional contact angle data, as described above, for each 
surface in contact with diiodomethane and ethylene glycol. Measured contact angle data and 
known surface tension components for each solvent were used to determine the Lifshitz-van der 
Waals and Lewis acid-base components from which the surface energy of each sample was 
calculated.203 Data analysis was performed using Microsoft Excel and Mathematica 7.0.
6.6 Surface Analysis
 6.6.1 Ellipsometry
Ellipsometry was performed using a Gaertner L116C instrument at an angle of 70° and a 
wavelength of 632.8 nm. Oxidized silicon wafers, prepared as described above, were washed 
with 95% ethanol and dried under a stream of dry nitrogen prior to analysis. The thickness of the 
native oxide was determined to be 3–4 nm by analyzing freshly oxidized wafers. The thickness 
of the native oxide, the refractive indices of the oxide (1.46) and silane film (1.43),206 and an 
initial guess of the film thickness were used to solve for the thickness of the silane film. 
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Measurements were made 3–5 times at 4–5 different locations on each sample. Error represents 
plus or minus one standard deviation.
 6.6.2 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis ULTRA 
spectrometer outfitted with a monochromatic Al K" X-ray source (130 W, 1486.6 eV). Oxidized 
silicon wafers, treated as described above, were used in all analyses. Survey  spectra were 
collected using 2 scans with a pass energy  of 160 eV and a dwell time of 100 ms. High-
resolution spectra were collected for the C 1s and N 1s regions using 10 scans with a pass energy 
of 40 eV and a dwell time of 300 ms. Spectra are referenced to aliphatic-C at 285.0 eV and 
quantification was accomplished using the relative sensitivity factors for the instrument. Peak-
fitting was accomplished using a Shirley  background for each region and a Gaussian-Lorentizan 
line shape for each component. Data analysis was performed using CASA XPS software.
 6.6.3 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)
Time-of-flight  Secondary Ion Mass Spectrometry (TOF-SIMS) was performed using a Physical 
Electronics PHI Trift III spectrometer operating in the static regime. Glass slides, prepared as 
described above, were used for analysis. 197Au+ primary ions were generated using a liquid metal 
ion gun operating at 22 kV with an ion current of 3.7 nA. Charge compensation was used and the 
analyzer was operated in positive ion-mode with a mass range of 0–1000 amu. Spectra were 
acquired for 400 # 400 µm sections and analyses were conducted on 3–5 sections, for 5 min 
each, on two or more samples per set. Data analysis was performed using WinCadence software.
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 6.6.4 Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) was performed using an Asylum Research MFP-3D instrument 
with silicon probes (resonant frequency  = 300 kHz; tip radius < 10 nm) in AC-mode, in air. 
Analyses were performed on oxidized silicon wafers prepared as described above. Samples were 
washed with 95% ethanol and dried under a stream of dry nitrogen prior to imaging. A 5 # 5 µm 
survey scan was made using 256 lines by  256 points with a scan rate of 1 Hz. This was followed 
by four separate 3 # 3 µm scans, of different locations, using 512 lines by  512 points at a scan 
rate of 1 Hz. Root-mean-squared (RMS) roughness was calculated using data from the 3 # 3 µm 
scans. A first order flattening routine was applied to the collected images prior to calculation of 
the surface roughness. The error represents plus or minus one standard deviation. Data analysis 
was performed using IGOR Pro software.
6.7 Mechanical Testing Procedures
A solution of each polymer in CH2Cl2 was prepared such that the total concentration of polymer 
was 10 mg mL–1. Exactly 10 µL of the polymer solution were injected onto a glass slide and the 
25 # 15 mm lap was formed and clamped in place. Samples were cured at ambient temperature 
for 12–24 h. Clamps were removed prior to testing and analysis was performed at AMTEL, 
University  of Illinois, using an Instron 4400 load-frame outfitted with a 500 N load-cell and 
pneumatic grips. Testing was performed at ~ 25 °C, samples were sheared at a rate of 1 mm 
min–1. Data sets contained 5–10 individual samples. Load vs. displacement was recorded and the 
average maximum load was used in all calculations of shear strength. Multiplying the average 
maximum load by gravitational acceleration (g = 9.806 m s–2) and dividing by the area of the lap 
gives the shear strength. Error bars represent plus or minus the standard error of the mean. Tests 
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of virgin shear strength were performed in duplicate and the measured shear strength for each set 
were within error of one another. Lap-shear specimens evaluating the performance of PS-co-MA 
cured at ambient temperature were set with PS-co-MA and were cured as above. Lap-shear 
specimens evaluating the performance of PS-co-MA cured at elevated temperature were set with 
PS-co-MA, and were cured at ambient temperature for 12 h then at 150 °C for 12 h under an 
atmosphere of nitrogen. These samples were heated from ambient temperature to 150 °C over 3 h 
and were cooled from 150 °C to ambient temperature over 8 h. Lap shear specimens used to 
evaluate self-mending behavior were first set, cured, and failed as above, and then either washed 
and scrubbed with CH2Cl2 using a cotton applicator, dried, reset with 10 µL of fresh polymer 
solution, cured and failed as above, or reset with 10 µL of only CH2Cl2, cured, and failed as 
above.
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